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In 2019, the Mississippi River watershed had a record-long flooding, which was
comparable with the 1927 Great Mississippi River Flood. This study leveraged this flooded
condition to assess the flood tolerance of eastern cottonwood (Populus deltoides) and black
willow (Salix nigra) planted as short rotation woody crops (SRWCs) on seasonally flooded
marginal land of the Lower Mississippi Alluvial Valley (LMAV) in 2018. The survival/mortality
prediction models developed by using hydrologic and environmental variables suggested that
only high flood depth affected the survival of black willow. However, eastern cottonwood was
threatened by flood depth, flood duration, and cumulative flooding temperature calculated by
summing air temperatures while trees were flooded in 2019, 2020, and 2021. During the growing
season, the models predicted that black willow could tolerate flood depth of 1.38 m in April, 1.52
m in May, and 0.74 m in June, while eastern cottonwood could tolerate 1.18 m in April, 0.86 m
in May, and 0.85 m in June. Due to having higher flood tolerance thresholds, black willow had
better survival and biomass production than eastern cottonwood.

This study also identified critical physiological parameters that affected the biomass
productivity of eastern cottonwood, black willow, and American sycamore (Platanus
occidentalis). Results showed that the growth of black willow was driven by nitrogen per unit
leaf area (R2 = 0.41 and P-value = 0.004) and photosynthetic nitrogen use efficiency (R2 = 0.27
and P-value = 0.03); American sycamore was determined by stomatal conductance (R2 = 0.68
and P-value = 0.04) and transpiration rate (R2 = 0.70 and P-value = 0.04); and eastern
cottonwood was not affected by either water or nitrogen factors. Understanding physiological
strategies of these species provides useful information when matching site-species for riparian
restoration in the LMAV.
This study also found that a SRWC plantation could mitigate agricultural runoff by
removing 78 to 83% of nitrate-nitrogen and 70 to 73% of orthophosphate-phosphorus from the
groundwater before discharge to the Yazoo River. Therefore, rather than abandoning these areas,
establishing SRWC plantations for bioenergy on marginal cropland can mitigate agricultural
nutrient runoff and improve the water quality of the LMAV.
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CHAPTER I
INTRODUCTION
1.1

Lower Mississippi Alluvial Valley
The Lower Mississippi Alluvial Valley (LMAV) is an alluvial floodplain of the

Mississippi River. The Mississippi River is the world’s third largest river, stretching more than
3,700 km and draining 41% of the continental U.S. (Gardiner and Oliver 2005; Milliman and
Meade 1983). The LMAV covers parts of seven states including Illinois, Missouri, Kentucky,
Tennessee, Arkansas, Mississippi, and Louisiana before reaching the Gulf of Mexico (Figure
1.1). Seasonal flooding and deposition of nutrient-rich alluvial sediments from Mississippi River
floodwaters make the LMAV a productive agricultural region (Harris and Gosselink 1990).
The Mississippi River and its tributaries have seasonal flooding during winter and spring.
In this regard, marginal agricultural lands in the riparian floodplains of the LMAV experience
frequent waterlogging, sedimentation, and nutrient sinks (Hurst et al. 2016). In agricultural
watersheds, inorganic nitrogen (N) (nitrate and ammonia) concentrations in water bodies are
associated with agricultural runoff, and the primary source of excessive nutrient concentrations
in surface water is the application of synthetic nitrogen fertilizers (Burgan 1995). Alongside N,
excess phosphorus (P) can contaminate water. In the Mississippi River Basin, more than 70% of
N and P transport originated from agricultural activities, of which corn and soybean production
was responsible for 52% of N and 25% of P runoff, and manure used in pasture and range land
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contributed 37% of the P transport (Alexander et al. 2008).Chlorophyll, proteins, and other
important molecules for plant growth require N, and plant tissues contain more N compared to
potassium and phosphorus (P) (Jalali 2005). However, overuse of N fertilizers to maximize crop
productivity can surpass the level that plants and microbial immobilization can remove. As a
result, agricultural runoff transports dissolved nitrate into nearby surface waters because
negatively charged nitrate (NO3-) does not bind with negatively charged soil particles or soil
organic matter like ammonia (NH3). Over-enrichment of both N and P contributes to nutrientenhanced primary production, such as eutrophication, in fresh and coastal waters. The increase in
nutrient concentrations dissolved in surface water fosters aquatic growth, such as accumulation
of algae bloom, which blocks sunlight accessible for underwater plants. More importantly, when
algae die, they are decomposed by bacteria that consume oxygen in the water, resulting in
deficiency in dissolved oxygen available for fish and other aquatic life. For example, the coastal
hypoxic (i.e., oxygen deficient) zone found in the Gulf of Mexico was about 20,277 km2 in June
2019, which was greater than the past five-year average of 14,944 km2 and close to the record
size of 22,730 km2 in 2017 (NOAA 2019). Generally, it is considered as hypoxia when bottom
dissolved oxygen levels reach ≤ 2 mg/L (Renaud 1986). Enriched production of algae can
provoke pervasive ecological impacts on aquatic ecosystems. For instance, eutrophication and
enlargement of hypoxic zone can imperil fish spawning and migration habitats, and impact
benthic communities (Diaz and Rosenberg 2008; Rabalais 2002). Therefore, hypoxia is a severe
environmental threat to sustainable fisheries due to creating uninhabitable conditions for marine
life (Davis 2017). All these contexts suggest that agricultural runoff needs to be mitigated in
agricultural watersheds. In the LMAV, the marginal agricultural lands are strategic locations for
reducing nutrient runoff before its discharge into the Mississippi River and transport to the Gulf
2

of Mexico because the LMAV is a N hotspot region that is associated with intensive agricultural
activities and fertilization. About 60% of the LMAV has land areas classified as moderately
productive to marginal land (Frey et al. 2010).

Figure 1.1

1.2

Extent of the Lower Mississippi Alluvial Valley.

Managing the LMAV’s marginal land
In the LMAV, marginal lands consist of (1) poorly drained wetlands or riparian areas

adjoining the water channels that flow into the basin (Lowrance et al. 1984), and (2) lower-lying
alluvial areas that lack adequate drainage and flood control measures making those areas difficult
for farming (Dosskey et al. 2012). Due to frequent flooding and seasonally high water tables,
these marginal lands are less productive, and so, these areas are usually less managed or even
3

unmanaged by land owners and farmers. In addition, managing these areas for agriculture cannot
guarantee profitable financial returns. Despite these challenges, several studies advocated
cultivation of bioenergy crops on marginal land rather than abandoning these lands without any
management (Kou et al. 2008; Shortall 2013; Tang et al. 2010; Tian et al. 2009; Yan et al. 2008;
Zhuang et al. 2011). Using these marginal lands for bioenergy plantations can potentially offer
secondary benefits, such as rehabilitation of degraded vegetation, improved ecosystem services,
and carbon sequestration (Liu et al. 2011). More importantly, bioenergy plantations established
at the interface between marginal agricultural land and surface water can mitigate agricultural
runoff by taking up excess nutrients coming from the agricultural system and then improve the
quality of receiving water.
Establishment of short rotation woody crop (SRWC) plantations for biomass and
bioenergy feedstocks can also provide intermediate yields from thinning and multiple coppicing,
and SRWCs can be intensively managed with a ten-year rotation or less (Rockwood et al. 2004).
Due to their fast growth rate, it is possible to manage SRWC plantations with three-year
harvesting cycles (Heller et al. 2003). Marginal agricultural land can potentially be used for
lignocellulosic bioenergy crop production (Aylott et al. 2010; Stoof et al. 2015; Volk and
Luzadis 2009) to avoid conflicting interest with agricultural food production, to generate
alternative income and to provide ecosystem benefits. In the LMAV, SRWCs can be planted as
riparian buffers along marginal lands. SRWCs planted between marginal agricultural land and
tributaries of the Mississippi River can potentially remove excess nitrogen from agricultural
systems, and subsequently improve water quality.
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1.3

Productivity, ecophysiology, and nutrient mitigation potential of SRWCs
SRWCs are fast-growing tree species cultivated as high-density plantations on

agricultural lands to produce woody biomass (Hoffmann and Weih 2005). The SRWC system
includes the practice of close spacing, short harvesting cycles, and successive coppicing (Geyer
and Melichar 1986). The silviculture of SRWCs considers short clear-felling cycles (from 1 to 15
years) and application of intensive cultural methods such as fertilization, irrigation, weeding and
using superior genotypes (Drew et al. 1987). The silviculture of SRWCs differs from that of
commercial forest species such as pine, spruce, or oak (Dickmann 2006) because SRWCs are
more intensively managed for biomass production with shorter harvesting cycles than forestry
but longer harvesting cycles than agriculture. In addition, the SRWC system uses biomass from
the entire tree, while forestry typically focuses on timber and wood products from the stem only.
Thus, unlike forestry concepts, the SRWC system is more similar to planting agricultural crops,
e.g., maize, wheat, or alfalfa, despite longer rotations (Dickmann 2006). This concept was
exemplified in Sweden, where short-rotation willow coppices were grown predominantly by
farmers (Rosenqvist et al. 2000). Therefore, the SRWC system is generally managed with
agronomic concepts and operations to reach forestry objectives (Stoffel 1998). The biomass
feedstocks of SRWCs can be processed to produce biofuel such as bioethanol (Stolarski et al.
2015), bioenergy such as bioelectricity (Djomo et al. 2013), and other timber products (e.g.,
furniture, plywood).
Rapid early growth and increased biomass productivity can be considered as major
advantages of model SRWC species. In the southern U.S., the yield of SRWCs can reach 20
Mg/ha/year, which is more than that of pine plantations with 2.5-4.0 Mg/ha/year (Schuler et al.
2009). In the LMAV, three fast growing deciduous SRWCs – eastern cottonwood (Populus
5

deltoides W. Bartram ex Marshall), black willow (Salix nigra Marshall), and American sycamore
(Platanus occidentalis L.) have been evaluated. National analysis of biomass production
potential in the U.S. estimated that yields of the best three willow cultivars and 17 poplar trials
ranged from 3.6 to 14.6 Mg/ha/year and from 7.5 to 15.2 Mg/ha/year, respectively (Volk et al.
2018). However, under site-specific conditions like on seasonally flooded soils, willow likely
performs better than poplar and may be less susceptible to losses from infestation of insects and
diseases (Rousseau et al. 2012). The total aboveground biomass of six-year-old American
sycamore could reach 54 Mg/ha (Cobb et al. 2008). Despite initial need for intensive site
preparation, once established, the leaf mulch of American sycamore can conserve moisture and
suppress weed growth (Kline and Coleman 2010). Distributed in the eastern half of the U.S.,
American sycamore mainly grows in riparian areas and alluvial bottomlands (Kline and Coleman
2010). Willow (Salix species) and cottonwood (Populus species) are also riparian species (Amlin
and Rood 2001). Research about willow species is more established in the Northeast U.S. (Volk
et al. 2006; Volk et al. 2016). Eastern cottonwood is native to the Southeast, and studies about
eastern cottonwood and its hybrid poplars are more observed in the Pacific Northwest, Midwest,
and southeastern U.S. (Rousseau et al. 2018). In addition, there has been a long history of
research about eastern cottonwood in the Mississippi Alluvial Valley (Rousseau et al. 2018).
Regarding productivity among the three selected SRWCs, it is important to determine which one
is the best in terms of biomass productivity. In seasonally flooded marginal lands, the species
with higher flood tolerance will likely survive and grow better.
Since willow and poplar genotypes have rapid growth and can be propagated through
cuttings, they are well-known for plantation establishment (Dickmann 2006). American
sycamore also has high biomass productivity and energy content, and thus, it is suitable for
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planting as a short rotation woody bioenergy crop (Kszos et al. 2000). Fast growth implies that
SRWCs likely require more resources and it is worthy to understand their resource consumption
and efficiency. Naturally, eastern cottonwood, black willow, and American sycamore are
riparian species, and therefore, they typically dominate in riparian ecosystems with abundant
water supply. However, when they are established in large quantities as a plantation, their water
use and efficiency need to be evaluated to ensure that they do not deplete localized groundwater.
Physiologically, both willow and poplar tend to have high rate of water use (Doody and Benyon
2011; King et al. 2013). For example, the transpiration rate of willow is higher than that of
herbaceous crops (Persson 1995), and transpiration from a willow plantation can be more than
two times as high as that of a mixed pine and spruce forest (Grelle et al. 1997; Lindroth and Båth
1999). Therefore, water avaiability is a major factor for SRWCs, particularly for willow
(Lindroth and Båth 1999). To meet the demanding water budget, it is recommended to select
sites having more localized hydrology, such as riparian areas and/or to use genetically improved
genotypes and species with higher water use efficiency, which, in turn, requires an understanding
of the physiological characteristics of the selected SRWCs (Lindroth and Båth 1999). Therefore,
alongside biomass productivity, water use efficiency is an important physiological parameter
(Blum 2009) because there can be a relationship between water use efficiency and productivity
(King et al. 2013; Toillon et al. 2013).
There is a potential that establishing a SRWC plantation in riparian areas of the LMAV
can mitigate agricultural runoff, lower the nutrient concentrations in both surface and
groundwater (Rosa et al. 2017), and thereby improve water quality. In addition, selection of
different SRWC species and genotypes as well as harvesting cycles may influence nutrient use
efficieny and nutrient removal rate (Adegbidi et al. 2001). For instance, to apply as buffer strips
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for mitigating agricultural runoff, Adegbidi et al. (2001) suggested harvesting willow biomass
annually to achieve the highest annual removal of nutrients with minimum nutrient use
efficiency. Furthermore, it is postulated that genotypes having the most productive and water-use
efficient traits are the ones capable of removing the highest amount of N from the plantation
(Toillon et al. 2013). Understanding these ecophysiological mechanisms can provide insight
about the resource use and efficiency of selected SRWCs, and this information is useful for sitespecies matching.
To properly understand the intricate interactions between SRWCs and the environment,
field-based experimental research is necessary to examine how frequent inundations affect the
survival and biomass yield of selected SRWCs. Without a clear picture about these relationships,
sustainable agro-ecosystem management by establishing SRWC plantations for mitigating
agricultural runoff remains an uncertainty. Therefore, among the most commonly planted three
SRWCs, this study identified the most suitable SRWC species that exhibited superior flood
tolerance, biomass productivity, and their respective physiological strategies in response to
resource use and efficiency. In addition, this study quantified nutrient removal rates and
determined which nutrients could be significantly mitigated by a SRWC plantation established
on a riparian floodplain and marginal agricultural land of the LMAV. During years experiencing
extended and/or abnormally high flooding as observed in the LMAV in 2019, nutrient removal
rate can be influenced by survival rate after each flood event as well as growth rate and
physiological mechanisms during the growing season before the onset of each flood event.
Therefore, to guarantee high survival rate, it is important to identify which SRWC has higher
flood tolerance thresholds.
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1.4

Dissertation structure
This dissertation consists of five Chapters. Chapter 2 develops the survival/mortality

prediction models for eastern cottonwood and black willow using field-measured and high
resolution empirical hydrologic and environmental variables, such as monthly flood depths from
November to August, growing season accumulated flood depth, total accumulated flood depth,
tree height before flooding, flood duration, and cumulative flooding temperature. The first
objective was to compare the survival of eastern cottonwood and black willow after high and
extended flooding. The second objective was to determine the most critical parameters that could
affect the survival of both species. The third objective was to determine the flood tolerance
thresholds of both species. The survival/mortality prediction model developed using binary
logistic regression served as a way to identify the most significant parameters to flood mortality
and determined the threshold values for these parameters. The results of Chapter 2 provided
preliminary information about which SRWC species was more tolerant to flooding in 2019 and
2021 in the study plantation. Furthermore, their flood tolerance thresholds and selected
parameters in the models could be used for modeling suitable sites for establishing eastern
cottonwood and/or black willow, and these results would deliver information about how much
marginal land area of the LMAV would be appropriate for establishing these SRWC species.
Chapter 3 compares the resource use and efficiency of eastern cottonwood, American
sycamore, and black willow planted in Sidon and Satartia, MS. Both study plantations were
located on riparian floodplains between marginal agricultural lands and an oxbow/agricultural
drainage in the Mississippi Delta of the LMAV. The three main objectives were to (1) compare
leaf-level physiological parameters across species and months in Sidon and across species in
Satartia as well as determine correlations among measured physiological parameters within each
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species, (2) determine the relationship between leaf stomatal conductance and leaf temperature
as well as between leaf stomatal conductance and leaf vapor pressure deficit, and (3) determine
the relationships between tree growth and physiological parameters of three selected SRWCs.
The results of the first objective explained the physiological mechanisms of each SRWC during
their early stage of growth and determined any differences in physiological strategies across
three species. The second objective identified which environmental factor(s) controlled the
stomatal behavior of each SRWC species. The third objective determined which specific
physiological parameters were significantly associated with the growth of each species.
Therefore, Chapter 3 determines how resource use and efficiency differ across three SRWCs and
identifies the critical physiological parameters that are mainly associated with the biomass
productivity of each SRWC.
Chapter 4 assesses the nutrient mitigation potential of a SRWC plantation by analyzing
nutrient concentrations in the shallow groundwater samples collected from groundwater wells
installed throughout the study plantation along an elevational gradient. The objectives of Chapter
4 were to (1) test the hypothesis of whether a SRWC plantation could remove nutrients in the
groundwater, (2) determine which nutrients were significantly taken up by a SRWC plantation,
and (3) compare the nutrient concentrations between the control and planted blocks. Therefore,
Chapter 4 provides evidence about whether managing marginal lands of the LMAV by
establishing SRWC plantations is a viable solution for mitigating agricultural runoff and
improving water quality of the region.
Chapter 5 summarizes the findings of Chapter 2, Chapter 3, and Chapter 4 and presents a
broader impact of this research project. Chapter 5 also provides the implications and
contributions of this study as well as discusses the limitations and challenges that occurred while
10

conducting this study. In the end, Chapter 5 provides recommendations for improving this study,
and this advice can be useful for conducting similar research in another study area, repeating the
same experiment, and extending this research for future studies.
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CHAPTER II
DETERMINING THE FLOOD TOLERANCE HRESHOLDS OF EASTERN
COTTONWOODAND BLACK WILLOW UNDER EXTENDED
FLOODING EVENTS IN THE LOWER
MISSISSIPPI ALLUVIAL VALLEY
2.1

Introduction
The Lower Mississippi Alluvial Valley (LMAV) is a major alluvial floodplain region,

covering parts of seven states of the U.S. before reaching the Gulf of Mexico. Agriculture,
particularly the cultivation of corn, cotton, rice, and soybeans, is a primary economic activity in
the region (Alhassan et al. 2019). In addition to prime productive farmland, about 60% of the
LMAV has areas classified as moderately productive to marginal land (Frey et al. 2010). In an
agricultural watershed like the LMAV, marginal lands consist of (1) poorly drained wetlands or
riparian areas adjoining the water channels that flow into the river (Lowrance et al. 1984) and (2)
lower-lying alluvial floodplain areas that lack adequate drainage and flood control measures
making these areas difficult for farming (Dosskey et al. 2012). Due to flooding during spring and
summer and high water tables during dormant seasons, marginal lands are not usually optimal
for commercial agriculture. Consequently, these seasonally flooded riparian floodplains are less
managed or even unmanaged.
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Instead of abandoning these marginal lands, it may be possible to manage them to be
productive by establishing flood-tolerant short rotation woody crops (SRWCs) to produce
biomass needed as the feedstocks for bioenergy production (Helton et al. 2015; Masum et al.
2020; Souter et al. 2015; Tripp et al. 2009). For example, the biomass of SRWCs can be
processed to produce wood pellets (Acda 2015) and net carbon-neutral energy sources, such as
biofuels (e.g., bioethanol) (Stolarski et al. 2015) and bioelectricity (Djomo et al. 2013). More
importantly, the LMAV has favorable conditions for producing large-scale biomass feedstocks
and developing a bioenergy industry because the region has well-established agricultural and
energy infrastructure, extended growing season and a geographic location that is central in the
U.S. (Dipesh et al. 2017; Liechty et al. 2012; Tripp et al. 2009).
Since seasonal flooding is common in the marginal lands of the LMAV, selected SRWCs
for bioenergy plantations need to be flood tolerant. SRWCs, such as eastern cottonwood
(Populus deltoides W. Bartram ex Marshall) and black willow (Salix nigra Marshall) can survive
in long-lasting saturated soils, and so, they can possibly grow on marginal floodplains of the
LMAV (Rousseau et al. 2012). Moreover, both species are usually selected as candidate species
for reforestation programs and as bioenergy crops for plantation establishment in riparian zones
of the LMAV (Amlin and Rood 2001; Dipesh et al. 2017; Dowell et al. 2009; Hupp 1992; Li et
al. 2005; Stokes 2008) because their natural distribution can range from alluvial floodplains to
river and stream bottoms (Hodges 1997; Schuler et al. 2015; Shelford 1954; Souter et al. 2015).
Both species have desired traits needed for being classified as SRWCs, such as fast growth,
promising biomass yield (Dowell et al. 2009; Schuler et al. 2009), potential for rapid genetic
improvement to increase growth rate (Cervera et al. 2005; Coleman and Ernst 1989; Kopp et al.
2001; Rousseau et al. 2012), and feasibility of coppicing and propagation through the use of
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cuttings (Dickmann 2006). Therefore, both Populus and Salix species are identified as bioenergy
crops in the Bioenergy Feedstock Development Program by the U.S. Department of Energy
(Kszos et al. 2000).
National analysis of biomass yield potential in the U.S. estimated that the biomass
productivity of the best three willow cultivars and 17 poplar trials ranged from 3.6 to 14.6
Mg/ha/year and from 7.5 to 15.2 Mg/ha/year, respectively (Volk et al. 2018). However, under
site-specific conditions like seasonally flooded soils in the LMAV, the biomass productivity of
eastern cottonwood and black willow may be reduced by flood-stress effects. Although eastern
cottonwood and black willow are known as riparian species, their flood tolerance thresholds
(especially flood depth and flood duration) have not been well-defined under exceptionally high
and extended flooding periods that can significantly threaten their survival. Therefore,
knowledge about their maximum allowable flood depth and flood duration is needed because the
survival rate and biomass productivity of each species can be largely influenced by their
respective flood tolerance thresholds. This information will be useful when selecting sites suited
for each species.
In seasonally flooded areas, not only flood duration and flood depth but also seasonality
of flooding can be crucial parameters for predicting survival and growth of both species. If
compared to the dormant season, the number of inundation days (Friedman and Auble 1999;
Kozlowski 1984) and high floods during the growing season are more critical because growing
season flooding can cause more severe and long-term effects on trees, such as injury, growth
inhibition, early senescence and mortality during their juvenile growth (Garssen et al. 2015;
Kozlowski 1997; Kozlowski and Pallardy 1997). Therefore, during the first growing season
(Whitlow and Harris 1979), tolerance under different flooding regimes (such as periodic or
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prolonged soil inundation, repeated flooding during the previous and following growing seasons,
and flood depth), species and tree size, especially tree height, play a key role for sustaining the
survival and established growth of these two species (Anderson and Pezeshki 2000; Marks and
Atia 2020). To understand these interactions and to determine their flood tolerance thresholds,
data from a field setting is needed to evaluate whether, and to what extent, eastern cottonwood
and black willow can survive under both seasonal and irregular flooding as well as exceptionally
high and extended flooding, especially during growing season months.
Alongside hydrologic variables, temperature during flooding can be another crucial
parameter (Allen and Keim 2017) because the increase in water temperature can adversely affect
the physiology of plants, such as stomatal conductance, respiration, photosynthetic rates, and
water use efficiency (McLeod et al. 1986). Generally, dissolved oxygen is inversely correlated
with air and water temperature (Joyce et al. 1985; Kaushal et al. 2010; Null et al. 2017; Post et
al. 2018). Moreover, declining dissolved oxygen can potentially exacerbate the existing oxygen
deficiency in the rhizosphere caused by waterlogging and soil hypoxia. Plants need sufficient
supply of dissolved oxygen for healthy root growth because the root system requires oxygen for
aerobic respiration to produce energy needed for healthy root and plant growth. Therefore, low
dissolved oxygen is a problem for the trees. In addition to water temperature, agricultural runoff
can potentially decrease dissolved oxygen levels in agricultural watersheds because excess
nutrients in an inundated system can trigger anoxic conditions through accelerated
decomposition (Ferreira and Chauvet 2011) that consumes more dissolved oxygen during
respiration.
Riparian species have coping strategies to tolerate flooding. During partial flooding,
riparian species use flood tolerance mechanisms for their continued growth, such as exchange of
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dissolved gases by producing hypertrophied lenticels on stems, enhanced oxygen supply into the
rhizosphere and adventitious roots, etc. (Li et al. 2006). During continuous flooding, riparian
species have improved formation of aerenchyma tissue for root porosity, which provides better
oxygen transmission from aerial parts to the roots compared to the trees experiencing
intermittent or partial flooding (Pezeshki et al. 1998). Depending on the severity and duration of
soil reduction in the rooting zone, there can be disruption of normal root metabolism for plant
survival, such as root elongation, water and nutrient uptake, oxidation of the rhizosphere, and
reduced root biomass that can cause root/shoot imbalances (DeLaune et al. 1998; Donovan et al.
1988; Pezeshki 1991, 2001). Eventually, such malfunctioning of basic root activities can lead to
partial or substantial death of roots and shoots (Kozlowski 1997; Pezeshki 1991, 2001). In
addition to soil oxygen deprivation, low redox potential (i.e., reducing soil conditions) can
impose stress even on flood tolerant plants (Hook et al. 1971). This is possible because reducing
condition of the soil can change soil chemistry by producing highly phytotoxic compounds (e.g.,
soluble ferrous and manganous ions), which cause injury on trees (Pezeshki 2001). Therefore,
during flooding, an internal oxygen transport system through aerenchyma tissues is advantageous
to the survival of riparian trees by oxidizing reduced compounds (Good and Patrick 1987;
McKevlin et al. 1987; Pezeshki 2001)) and then, protecting against build-up of phytotoxins in the
rhizosphere.
To sustain survival during continuous flooding, rapid height growth, particularly during
initial years of establishment, is very important because trees that are taller than the flood level
are capable of transporting oxygen from the shoots and stems to the rooting zone and enhancing
root porosity. On the other hand, under high flood depth and flood duration, trees with low
height growth may experience limited gas exchange, such as reduced stomatal conductance and
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stomatal closure during the entire flooding, which could restrict the ability to elongate and
branch original roots and consequently, decrease leaf area, photosynthetic capacity, and
eventually growth rate. Therefore, tree height growth possibly plays a pivotal role in adapting to
flood-stress effects during the early growth stage, and therefore, it is hypothesized that tree
species that have superior height growth have better survival rate during or after the year
experiencing growing season flooding.
River floodplain regions are usually vulnerable to flooding events not only due to the
impact of extreme climatic events on hydrological cycles but also due to anthropogenic activities
(e.g., construction of dams and levees, channelization, flood protection measures, and controlling
the timing and intensity of surface water discharge rate). These effects are observable in the
floodplain of the Mississippi River. The Mississippi River watershed has been periodically
experiencing historic flood events associated with extreme climatic patterns (National Weather
Service 2019a; Smith and Reed 1990). Recently, the Missouri and Mississippi River watershed
had a record-long flood in the spring and summer of 2019, and that was comparable with the
1927 Great Mississippi River Flood (Gledhill et al. 2020; Pal et al. 2020; Reed et al. 2020; Smith
and Reed 1990). The catastrophic flood, active from December 2018 to August 2019 (National
Weather Service 2019a), was caused by the compounding effects of excessive rainfall, lengthy
saturated soil conditions, and upstream snowmelt in the northern Great Plains (National Weather
Service 2019b; Neri et al. 2019; Pal et al. 2020). Therefore, 2019 was an unprecedented flooding
year in terms of both flood depth and flood duration.
This excessive flooding was not expected in the beginning of this study. Hence, this study
by chance took the advantage of this extreme flooding to determine the maximum allowable
flood tolerance of eastern cottonwood and black willow from a study plantation that had been
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already established on a riparian floodplain of the LMAV. During the 2018-2019 growing
season, the SRWC plantation site had exceptionally high flooding, which was associated with
72% higher surface water discharge of the Mississippi River compared with the previous 10-year
average (Survey 2020). In 2021, the overall flood depth was lower than the previous two years,
but the study site had two peak flooding events, and one of them occurred during the middle of
the growing season. This flooding pattern was irregular because it was not observed during the
2019 and 2020 flooding that had only one major peak flood. Given these contexts, the first
objective of this study was to develop prediction models of survival/mortality of eastern
cottonwood and black willow using field-measured and fine scale empirical hydrologic and
environmental variables. The second objective was to identify the most observed predictor
variables in the top ten best-fit models in order to understand how timing, seasonality, and depth
of flooding impacted the survival of each species. Thirdly, flood tolerance thresholds for flood
depth and flood duration were calculated from the survival/mortality prediction models. Above
these thresholds, there was a >50 probability that trees were more likely to succumb to flooding
mortality. These maximum allowable flood tolerance thresholds can be used as criteria for
locating optimal sites for SRWC production and determining how much marginal land is suitable
for planting either eastern cottonwood, black willow, or both in the LMAV.
2.2
2.2.1

Materials and methods
Study area
The study area was located in the western part of Mississippi in the LMAV region near

Sidon, MS (33° 25' 3.839" N, 90° 13' 7.851" W) at the interface between marginal cropland on a
floodplain and an oxbow of the Yazoo River (Figure 2.1). Prior to the study, the area was planted
with corn, soybeans, or cotton on an annual rotation. According to climate data from the
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Greenwood Leflore Airport, MS (USW00013978), the study area has an average annual
temperature of 18°C and average annual total rainfall of 1315 mm (NOAA 2021). Seasonally,
the study area has average temperatures of 18°C in autumn, 8°C in winter, 18°C in spring, and
27°C in summer (NOAA 2021). The study area has seasonal flooding, flat terrain, very high
runoff, a high water table, and somewhat poorly drained Arkabutla and Falaya silt loam soils
(Soil Survey Staff 2020).
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Figure 2.1

Study area located in Sidon, MS in the Mississippi Delta of the LMAV.
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2.2.2

Plantation establishment
In 2018, a bioenergy crop plantation was established containing two SRWC species –

eastern cottonwood and black willow. Dormant unrooted cuttings of eastern cottonwood (41 cm
in length) and black willow (36 cm in length) with a basal diameter of less than 3 cm were
collected from the Mississippi State University’s Department of Forestry Cutting Orchard in
Starkville, MS. Both species were harvested from the Cutting Orchard in whip form, then cut to
size, and graded for uniformity and straightness. Before planting, eastern cottonwood and black
willow cuttings were soaked for 24 hours in a solution of Admire® Pro Systemic Protectant
(imidacloprid) (Bayer CropScience LP, Research Triangle Park, NC, USA: 11.6 to 17.5 fluid
ounces of Admire® Pro per 100 gallons of water) to provide initial protection against insect
attack. Following soaking, cuttings of both species were placed into thick polyethylene bags and
stored at -2° C until planting. Disking and subsoiling to a depth of 40 cm was performed prior to
planting. Then, the site was sprayed with a tank mix of Pendulum® 3.3 EC (BASF Corp.,
Research Triangle Park, NC, USA) and Goal® 2XL ((Dow AgroSciences LLC, Indianapolis, IN,
USA) as pre-emergence inhibitors to suppress herbaceous competition before budbreak.
After site preparation, unrooted cuttings of 300 eastern cottonwood (including six
genotypes: 110312, 110412, 6-4, 25-2, 80-2 and ST75) and 300 black willow (including five
genotypes: MNAT 4-1, MNAT 4-2, MVIC 4-3, MVIC 5-2 and MVIC 5-7) were planted at 1.8 m
by 2.7 m (6 ft. × 9 ft.) spacing on June 19 and June 20 in 2018 (Figure 2.2). The study plantation
consisted of four replicated blocks, and each block had 75 individuals with 3 subplots of 25 trees
for each SRWC species (Figure 2.2). Each subplot contained one or two genotypes for eastern
cottonwood and one genotype for black willow (Figure 2.2). Black willow was planted lowest in
elevation and in closest proximity to the oxbow, and eastern cottonwood was planted
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immediately up-slope of the black willow, where possible. Throughout the remainder of the first
growing season, herbaceous competition control was achieved by tilling between rows, followed
by manual control of weeds near stems.
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Figure 2.2

Planting layout of genotypes.

(a) The 2018 plantation layout. Cuttings of eastern cottonwood (110312, 110412, 6-4, 25-2, 80-2
and ST75) and black willow (MNAT 4-1, MNAT 4-2, MVIC 4-3, MVIC 5-2 and MVIC 5-7)
genotypes were planted at Blocks 1 to 4 in June 2018. (b) The 2020 plantation layout. In the
areas having two genotypes, the first genotype was the surviving tree planted in June 2018, and
the second one was the surviving tree planted in June 2020.
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2.2.3

Flood monitoring
Before flooding began, ten shallow groundwater wells were installed in the study area in

September 2018, and an additional one was installed in December 2020. These wells were
located throughout the plantation to monitor the above- and belowground water levels of the
study area (Figure 2.3). Groundwater wells were made of polyvinyl chloride (PVC) pipes with a
diameter of 3.8 cm and a length of 2.5 m. Small holes with a diameter of 0.5 cm were drilled into
the lower parts of the pipes (up to about 0.6 m) so that groundwater could enter. Then, the
section of the pipe with drilled holes was wrapped with very thin nylon to prevent intrusion of
small sediments. Wells were installed to a depth of 2 m below the surface. About 5 cm of the dug
holes were backfilled with sand, and then, the pipes were installed on top of sand. To deter
contaminant movement into groundwater wells, bentonite clay was added around each
groundwater well, and wells were capped.
Water level sensors, HOBO U20L-01 (Onset Computer Corp., Bourne, MA, USA), were
deployed in each well to record absolute pressure and temperature every half hour. An additional
water level sensor was mounted above the soil surface to record atmospheric pressure and air
temperature. Data were downloaded every month during the flood-free period using HOBOware
Pro software version 3.7.18. (Onset Computer Corp., Bourne, MA, USA). The Barometric
Compensation Assistant in HOBOware Pro was used to convert absolute pressure to water depth
(Onset 2018) and calculate daily water levels for each groundwater well by averaging halfhourly values. Monthly water levels for each groundwater well were calculated by averaging
daily water levels in each month. To depict the flood depth of the study site in comparison with
river stage, flood depths measured in all water level sensors (Figure 2.3) were averaged, and the
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river stage data were downloaded from the U.S. Army Corps of Engineers’ Yazoo River gauge
located in Greenwood, MS (U.S. Army Corps of Engineers 2021).

Figure 2.3

Plantation layout and distribution of water level sensors.

Eleven water level sensors were installed inside groundwater wells to monitor flooding status of
the study plantation.

2.2.4

Survival counting, replanting, tree height measurement, and statistical analysis
Before the onset of flooding in November 2018, establishment survival was 60%

(number of survival = 180 and number of planted individuals: n = 300) for eastern cottonwood
and 96% (number of survival = 288 and n = 300) for black willow. Establishment survival of
eastern cottonwood was low likely because they were planted relatively late due to delayed site
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preparation associated with extended wet conditions of the study site. Extended flooding
throughout 2019 and into 2020 limited the capacity to measure survival and growth at the end of
the first growing season. So, the first post-flooding survival and growth measurements were
taken in September 2020. The second measurements were completed in October 2021. After the
2018-2019 flood, eastern cottonwood had high mortality. Therefore, in June 2020, new cuttings
of eastern cottonwood (including three genotypes: 110412, S7C4, and S7C8) were planted at
only Blocks 1 and 2, not only in the locations where trees died but also in the locations next to
the surviving trees, which were planted in June 2018; however, Blocks 3 and 4 were not
replanted (Figure 2.2). Black willow was not replanted following mortality because of its good
survival at Blocks 1 and 2 (Figure 2.2). In addition, tree heights were measured in November
2018 prior to prolonged flooding and in October 2020 before the 2021 flood started. During
measurements, it was observed that beavers foraged the stems of both eastern cottonwood and
black willow, particularly in the areas closer to the river.
For statistical analysis, two sample t-tests were performed to determine differences
between eastern cottonwood and black willow in terms of survival and tree height within each
measurement year by using data from all four blocks. In addition, survival rate and tree height
were compared between Block 1 and Block 2 for each species by using two-sample t-tests to
identify statistically significant differences. Block 1 was the lower block located closer to the
oxbow, and Block 2 was the upper block located at a farther distance from the oxbow (Figure
2.3).
2.2.5

Spatial analysis
A spatial analysis was conducted using ArcMap 10.6.1 (ESRI; Redlands, CA, USA).

Figure 2.4 shows the flow chart that explains step-by-step procedures applied during spatial
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analysis. Weekly and monthly flood depths at individual trees were calculated to examine how
depth and duration of flooding affected survival and growth of trees. To do this, the corners of
each replicated block (Figure 2.3) were recorded with a GPS receiver in the field, and then, the
gridded plantation layout was drawn in ArcMap. Within this plantation layout, the locations of
individual trees were identified in ArcMap based on the planting spacing of the field trial.
To calculate the flood depths at individual trees, LiDAR (Light Detection and Ranging)
point data that included four LAS files within Leflore County (viz., 5K_07976, 5K_07977,
5K_08055, and 5K_08056) were downloaded from Mississippi Delta Phase I from the
Mississippi Automated Resource Information System (Photo Science 2010). From these LiDAR
point data, a digital elevation model (DEM) with a pixel size of 0.3 m was created for the study
site. Next, the ‘local polynomial interpolation’ tool was used for spatial interpolation because the
study area was small, and variations in terms of flood depths among the study plots and elevation
gradient were not large (ESRI 2018). Using known points within the defined neighborhood, local
polynomial interpolation can estimate unknown values and produce an output surface that
captures short-range variation (ESRI 2018). Because flood depths could vary by elevation and
distance from the river, groundwater well locations were specified as input point features, with
elevation of the study area used as the weighting factor during interpolation.
To interpolate the 2018-2019 flood depths of the study plantation, flood depth data from
ten groundwater wells were used, and the locations of these wells were shown as yellow and
white colors in Figure 2.3. At Blocks 1 and 2, there was a minimal difference in elevation
gradient, and high mortality of trees was mainly observed at Blocks 3 and 4 after the 2018-2019
flood (Figure 2.2). Therefore, to interpolate the 2021 flood depths, flood depth data from only six
groundwater wells were used, and these wells were color-coded as pink and white in Figure 2.3.
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By using the ‘extract values to points’ spatial analyst tool, the weekly and monthly flood depths
at individual trees were extracted from the interpolated flood depths for the entire study area.

Figure 2.4

2.2.6

Spatial analysis steps used to calculate flood depth for each individual tree.

Predictor variables
To develop binary logistic regression models for predicting survival or mortality of each

species, six groups of predictor variables calculated at the individual tree level were used,
including (1) monthly flood depths (November to August), (2) growing season accumulated
flood depths (April to August), (3) total accumulated flood depths (November to August), (4)
flood duration, (5) cumulative flooding temperature, and (6) tree height before flooding. As
described in Section 2.2.5, the monthly flood depths at individual trees were calculated from the
interpolated monthly flood depths for the study area. In the study area, there were two distinct
events of flooding (the 2019 flood and the 2021 flood) with contrasting flooding patterns in
terms of flood duration, flood depth, and timing of high flood. Due to these differences in
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flooding characteristics, flood duration and accumulated flooding parameters were calculated
separately for each flood event.
To determine the accumulated flooding parameters and flood duration, the flooding
period was divided into months in which the entire study site was inundated and months of
partial flooding. Partial flooding referred to a condition in which only some parts of the study
site were flooded. For the months in which the entire study site was flooded (January-May in
2019 and March, April, and June in 2021) (Figure 2.5), monthly interpolations were conducted,
and all weeks included in those months were considered as flooded weeks. Partial flooding
months contained weeks that had flooding as well as no flooding (Figure 2.5). Therefore, during
partial flooding months (November-December in 2018 and June-August in 2019, NovemberDecember in 2020, January, February, May, July, and August in 2021) (Figure 2.5), spatial
interpolations were executed separately for each week to calculate weekly flood depths and flood
duration for each tree.
Since growing season flooding extended from April to August in the study area, the
growing season accumulated flood depths were calculated by summing the weekly flood depth
data from April to August. Since active flooding lasted from November to August during 20182019 and from January to August during 2020-2021, the total accumulated flood depths were
calculated by summing the weekly flood depth data for the entire flooding period from
November to August. The flood duration was calculated by the sum of weeks in which flooding
occurred. Since increase in water temperature could affect the physiology of plants (McLeod et
al. 1986), cumulative flooding temperature, i.e., accumulated air temperature during flooding,
was also taken into account. The cumulative flooding temperature was calculated by summing
the average weekly air temperature for weeks when the trees were experiencing flooding. If there
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was no flooding, air temperature for a given week was excluded during summation. Tree heights
prior to flooding were used to assess their relationship with post-flooding survival.
2.2.7

Binary logistic regression
Binary logistic regression was conducted in R version 4.0.4 (R Core Team 2021) to

develop models for predicting the survival or mortality of either eastern cottonwood or black
willow using two extended flood events. Binary logistic regression (Cox 1958) was conducted
with the “glm” function under R package “MASS” version 7.3-53.1 (Venables and Ripley 2002).
Fifteen predictor variables were analyzed for variable selection to determine a set of variables
that best fit the data for model prediction. For variable selection, “bestglm” function for binomial
family, available from “bestglm” package (McLeod et al. 2020), was used to select the best ten
subset generalized linear models using BIC (Bayesian information criteria) as the selection
criteria.
Cross-validation was also conducted to evaluate the performance of selected models.
Using R package “caret” version 6.0-86 (Kuhn et al. 2020), the data were split into training (70%
of the data) and testing (30% of the data), and then, cross-validation of the models was
conducted using the repeated k-fold method (Moreno-Torres et al. 2012). The number of folds
was specified into 10 with 20 repetitions. Next, the averaged value of repeated 10-fold crossvalidated accuracy values of the selected models were calculated for the training, testing, and
entire dataset. The model that had the highest testing data accuracy among the ten models
initially selected by BIC was considered as the best fit model. By using the “auc” function in
“pROC” version 1.17.0.1 package (Robin et al. 2011), the area-under-the-curve (AUC) was also
calculated to assess the discriminatory capacity of the models while predicting between survival
and mortality of trees (Fielding and Bell 1997; Wunder et al. 2008). In addition, false positives
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and false negatives of all models were calculated. A false negative described the condition that
the model predicted the tree as dead but was alive, while a false positive described the condition
that the model predicted the tree as alive but was dead.
For parameters with practical applications, the maximum allowable thresholds were
determined for all predictor variables selected in the models (except cumulative flooding
temperature) by considering 0.5 (i.e., 50% survival or mortality probability) as the cutoff. To
determine thresholds, the examining predictor variable was allowed to vary across individuals,
while all other variables were held constant (i.e., mean value). Then, a binary logistic regression
curve was plotted by using the “ggplot” function in “ggplot2” version 3.3.5 package (Wickham
et al. 2021) to find the cutoff value for the examining variable. Therefore, any individual below
the threshold had >50% chance of survival, whereas individuals exceeding the tolerance
threshold had >50% chance of mortality. The threshold of cumulative flooding temperature was
not determined because its value was not directly applicable to management recommendations.
However, this variable was included as the input parameter during variable selection.
2.3
2.3.1

Results
Flooding status of the study area
In the study area, flood duration and flood depth were affected by fluctuations in river

stage and subtle differences in elevation (Figure 2.2 and Figure 2.5). The averaged water level
data indicated that the study area was actively flooded for ten months (November to August)
during 2018-2019, for nine months (November to July) during 2019-2020, and for eight months
(January to August) in 2021, respectively (Figure 2.5). As shown in Figure 2.5, during 20182019, flooding reached its climax at about 3.4 m depth in March, followed by the second highest
flood of about 2.8 m during the growing season in April and May. During 2019-2020, February
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flooding peaked at about 3.6 m depth, followed by 2.6 m in April. Therefore, after peak flooding
in March or February, the flooding intensity decreased in May during the 2018-2019 and 20192020 flooding. In general, the 2019 flood was more severe than the 2021 one in terms of flood
depth and flood duration. On the other hand, in 2021, the culminating flood in March was
accompanied by another comparable flood in June with about 2.0 m in depth, and June had a
more prolonged flooding than March. Since June was a growing season month, this unusual
flooding might pose a significant threat to tree survival in 2021.

Figure 2.5

Flooding status of the study area.

Left axis shows water level (m), and right axis shows river stage (m). April to October was
considered as growing season.
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2.3.2

Survival rate
In all of 2018, 2020, and 2021 data, black willow had higher survival than eastern

cottonwood (P-value < 0.05). Before flooding started, establishment survival measured in all
four replicated blocks in November 2018 was 60% (number of survival = 180 and number of
planted individuals: n = 300) for eastern cottonwood and 96% (number of survival = 288 and n =
300) for black willow. Based on the established trees in 2018, survival rate in 2020 was 17%
(number of survival = 31 and n = 180) for eastern cottonwood and 40% (number of survival =
116 and n = 288) for black willow (Figure 2.6 (a)). Based on the data that incorporated surviving
trees after the 2019 flood and additional planting in June 2020, the 2021 survival was 9%
(number of survival = 14 and n = 157) for eastern cottonwood (Figure 2.6 (b)). Unlike eastern
cottonwood, no additional cuttings were replanted for black willow, and it had 70% survival
(number of survival = 81 and n = 116) in 2021 (Figure 2.6). When calculations were made based
on the initially planted data in June 2018, survival rates measured at the end of the 2021 growing
season were 27% for black willow (number of survival = 81 and n = 300) and 1% for eastern
cottonwood (number of survival = 2 and n = 300), respectively (Figure 2.6).
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Figure 2.6

The survival and mortality after the 2019 flood and the 2021 flood.

(a) Survival and mortality locations after the 2019 flood. Missing locations represent
establishment mortality. (b) Survival and mortality locations after the 2021 flood. The surviving
eastern cottonwood planted in 2018 and those planted in 2020 are noted in the parenthesis as
“2018 planted” and “2020 planted”, respectively. The survival of both 2018 planted and 2020
planted individuals at the same location is described as “2018 planted and 2020 planted”.
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2.3.3

Comparison of survival rate by species between Block 1 and Block 2
When comparing between Block 1 (i.e., the lower block located at a closer distance to the

oxbow) and Block 2 (i.e., the upper block located at a greater distance away from the oxbow),
the establishment survival measured in November 2018 was 71% (number of survival = 53 and
number of planted individuals: n = 75) in Block 1 and 73% (number of survival = 55 and n = 75)
in Block 2 for eastern cottonwood, and 97% (number of survival = 73 and n = 75) for Block 1
and 92% (number of survival = 69 and n = 75) for Block 2 for black willow, respectively. In both
species, there was no significant difference in survival rate between Block 1 and Bock 2.
Between Block 1 and Block 2, the survival rate measured in 2020, which was based on
establishment survival and survival after the 2019 flood, was 4% (number of survival = 2 and n =
53) in Block 1 and 51% (number of survival = 28 and n = 55) in Block 2 for eastern cottonwood,
and 64% (number of survival = 47 and n = 73) in Block 1 and 91% (number of survival = 63 and
n = 69) in Block 2 for black willow, respectively (Figure 2.6 (a)). Therefore, eastern cottonwood
in Block 2 had significantly higher survival than those in Block 1 (P-value < 0.001), and the
survival of black willow in Block 2 was also higher than those in Block 1 (P-value < 0.001).
Based on the combined data of surviving trees after the 2019 flood and additional
planting for eastern cottonwood in June 2020, the 2021 measured data showed that there was no
survival in Block 1 and 15% (number of survival = 14 and n = 96) in Block 2 for eastern
cottonwood, and 79% (number of survival = 37 and n = 47) in Block 1 and 68% (number of
survival = 43 and n = 63) in Block 2 for black willow, respectively (Figure 2.6 (b)). Eastern
cottonwood in Block 2 had significantly higher survival than those in Block 2 (P-value < 0.001),
whereas there was no significant difference in survival of black willow between Block 1 and
Block 2.
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2.3.4

Tree height
According to measurements in November 2018 before flooding started in 2018, the

average tree heights of eastern cottonwood and black willow were 1.3 m (SE = 0.04 m and n =
180) and 1.7 m (SE = 0.04 m and n = 288), respectively (Figure 2.7 (A)). In October 2020, the
average tree heights of eastern cottonwood and black willow measured after the 2018-2020 flood
were 0.9 m (SE = 0.03 m and n = 157) and 2.2 m (SE = 0.07 m and n = 116), respectively (Figure
2.7 (B)). Based on measured data in October 2021, which was after the 2020-2021 flood, eastern
cottonwood was 0.5 m (SE = 0.04 m and n = 13), and black willow was 1.7 m (SE = 0.07 m and
n = 80) (Figure 2.7 (C)). All these results consistently showed that black willow was
significantly taller than eastern cottonwood (P-value < 0.05).
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Figure 2.7

2.3.5

Tree height of eastern cottonwood and black willow. Tree heights were measured
in (A) November 2018, (B) October 2020, and (C) October 2021.

Comparison of tree height by species between Block 1 and Block 2
When comparing between Block 1 (i.e., lower block located closer to the oxbow) and

Block 2 (i.e., upper block located at a greater distance away the oxbow), the tree height of
surviving trees measured in November 2018 was 1.4 m (SE = 0.08 m and n = 53) in Block 1 and
1.3 m (SE = 0.06 m and n = 55) in Block 2 for eastern cottonwood (Figure 2.8 (A)), and 1.6 m
(SE = 0.08 m and n = 73) in Block 1 and 1.6 m (SE = 0.06 m and n = 69) in Block 2 for black
willow (Figure 2.8 (D)), respectively. In both species, there was no difference in tree height
between Block 1 and Block 2 (Figure 2.8 (A) and (B)).
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Between Block 1 and Block 2, the tree height measured in year 2020, which was based
on establishment survival and survival after the 2019 flood, was 0.99 m (SE = 0.04 m and n =
61) in Block 1 and 0.92 m (SE = 0.04 m and n = 96) in Block 2 for eastern cottonwood (Figure
2.8 (B)), and 1.9 m (SE = 0.08 m and n = 47) in Block 1 and 2.5 m (SE = 0.11 m and n = 63) in
Block 2 for black willow (Figure 2.8 (E)), respectively. In 2018, there was no significant
difference in tree height of black willow between Block 1 and Block 2 (Figure 2.8 (D)), whereas
black willow individuals in Block 2 were taller than those in Block 1 in 2020 (Figure 2.8 (E))
and 2021 (Figure 2.8 (F)) (P-value < 0.001). In eastern cottonwood, there was no significant
difference in tree height between Block 1 and Block 2 in 2018 (Figure 2.8 (A)) and 2020 (Figure
2.8 (B)), and there was no survival in Block 1 in 2021 (Figure 2.8 (C)).
Based on the combined data of surviving trees after the 2019 flood and additional
planting for eastern cottonwood in June 2020, the 2021 measured data showed that there was no
survival of eastern cottonwood in Block 1, and average tree height of eastern cottonwood in
Block 2 was 0.47 m (SE = 0.04 m and n = 13). Average tree heights of black willow in Block 1
and Block 2 were 1.40 m (SE = 0.05 and n = 37) and 1.95 m (SE = 0.11 and n = 43),
respectively, and trees in Block 2 had greater tree heights than those in Block 1 (P-value <
0.001) (Figure 2.8 (F)).
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Figure 2.8

Comparing tree height of eastern cottonwood (A, B, and C) and black willow (D,
E, and F) between Block 1 and Block 2.

The top three figures are tree heights of eastern cottonwood measured in (A) November 2018,
(B) October 2020, and (C) October 2021. In October 2021, there was no survival of eastern
cottonwood in Block 1 (C). The bottom three figures are tree heights of black willow measured
in (D) November 2018, (E) October 2020, and (F) October 2021.

2.3.6
2.3.6.1

Eastern cottonwood
Top ten models: Selected predictor variables and their tolerance thresholds
The results of cross-validation indicated that the top ten models had testing data accuracy

of 86 to 90%, training data accuracy of 86 to 91%, and all data accuracy of 87 to 90% (Table
2.1). The AUC ranged from 0.91 to 0.93. Average flood depths in March and April were selected
as predictor variables in all top ten models (Table 2.1). The threshold flood depths for March and
April were 1.66 m and 1.18 m, respectively (Table 2.1). As shown in Figure 2.5, March had the
highest flood depth in both 2019 and 2021 flooding events, and April also had the second and
third highest flood depth in 2019 and 2021.
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The next most selected predictors for mortality in order of importance were February
flood depth (in seven models and threshold = 0.88 m), May flood depth (in seven models and
threshold = 0.86 m), total accumulated flood depth (in five models and threshold = 11.38 to
11.48 m), cumulative flooding temperature (in four models), growing season accumulated flood
depth (in three models and threshold = 6.15 to 6.21 m), June flood depth (in three models and
threshold = 0.85 to 0.93 m), January flood depth (in two models and threshold = 0.76 m), and
flood duration (in two models and threshold = 4 to 19 weeks) (Table 2.1 and Table 2.3). The
variables that were not selected in any of the eastern cottonwood models included November,
December, July, and August flood depths, and tree height before flooding. These months were
less-flooded months in terms of depth and duration.
2.3.6.2

The best fit model
The best fit model (Model 1) had 90% testing data accuracy, 88% training data accuracy,

and 90% all data accuracy. The model predictors were February, March, April, May, and total
accumulated flood depths with thresholds of 0.88 m, 1.66 m, 1.18 m, 0.86 m, and 11.48 m,
respectively (Table 2.1). The locations of trees correctly and incorrectly predicted by the best fit
model indicated that the model could correctly predict the survival and mortality of 302 trees,
which was 90% of the data. The number of false negatives was 23 trees (7% of the data), and
false positives was 12 trees (3% of the data) (Table 2.1 and Figure 2.9).
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Figure 2.9

Map showing the accuracy of the best fit model for predicting the survival and
mortality of eastern cottonwood and black willow.

(a) Accuracy of the best fit model for the 2019 flood. (b) Accuracy of the best fit model for the
2021 flood. The “False positive (2018 planted) and Correct prediction (2020 planted)” represents
the 2018 planted tree predicted incorrectly by the model and the 2020 planted tree correctly
predicted by the model. These two individuals were planted next to each other at different time,
and the location of these two individuals were considered as the same.
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Table 2.1

Eastern cottonwood: Performance of top ten models, selected predictor variables, and their thresholds for mortality.

k-fold crossvalidation
accuracy (%)

All

False

False

data

negative

positive

accuracy

(No. of

(No. of

(%)

trees)

trees)

No.

Flood depth (m)

BIC
Test
data

AUC
Growing
Total

Train
Nov

Dec

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

season

data

accumulated
accumulated

1

90

88

90

23

12

184.5

0.92

0.88

1.66

1.18

0.86

2

90

88

89

25

12

185.8

0.92

0.88

1.66

1.18

0.86

3

89

90

90

21

14

186.2

0.92

0.76

0.88

1.66

1.18

0.86

4

88

90

90

22

13

187.8

0.92

0.76

0.88

1.66

1.18

0.86

5

87

91

89

24

14

188.1

0.93

0.88

1.66

1.18

0.86

6

87

90

89

24

14

187.7

0.93

0.88

1.66

1.18

0.86

11.38

7

87

90

89

24

14

186.5

0.93

0.88

1.66

1.18

0.86

11.40

8

87

89

89

25

11

188.7

0.92

1.66

1.18

0.92

11.38

9

86

87

89

23

15

185.5

0.92

1.66

1.18

0.93

11.42

10

86

86

87

23

22

187.7

0.91

1.66

1.18

0.85
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11.48
6.21

6.15

6.17

Table 2.1 (continued)
No.

Flood duration

Cumulative flooding

(weeks)

temperature (°C)

Tree height (m)

1
2
3

19

4

included

5

included

6

4

7

included

8

included

9
10

Flood depth (m) and flood duration (weeks) columns had thresholds that eastern cottonwood could tolerate, and beyond these
thresholds, there was a >50% probability of mortality. Cumulative flooding temperature (°C) that was selected in four models was
described as “included”, but its threshold was not provided because this study only examined its effect on tree survival. Predictor
variables without thresholds were those that were not selected in the models.
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2.3.7
2.3.7.1

Black willow
Top ten models: Selected predictor variables and their tolerance thresholds
According to cross-validation, the top ten models had testing data accuracy of 83 to 86%,

training data accuracy of 83%, and all data accuracy of 83 to 85% (Table 2.2). The AUC ranged
from 0.90 to 0.91. All top ten models selected June flood depth, growing season accumulated
flood depth, and total accumulated flood depth as predictor variables for black willow mortality.
The thresholds of June flood depth, growing season accumulated flood depth, and total
accumulated flood depth were 0.74 to 0.75 m, 7.98 to 7.99 m, and 14.95 to 14.98 m, respectively
(Table 2.2 and Table 2.3).
The next most selected mortality predictors in order of importance were flood depths in
March (in eight models and threshold = 1.86 to 2.28 m), April (in six models and threshold =
1.38 to 1.81 m), May (in six models and threshold = 1.52 to 1.53 m), November (in six models
and threshold = 0.04 m), August (in two models and threshold = 0.02 m), January (in one model
and threshold = 1.39 m), and February (in one model and threshold = 1.55 m) (Table 2.2 and
Table 2.3). Contrary to eastern cottonwood, flood duration and cumulative flooding temperature
were not selected in the black willow models (Table 2.1 and Table 2.2). On the other hand, black
willow models contained November and August flood depths, but eastern cottonwood models
did not select these two variables. The variables that were not selected in any of the black willow
models included less-flooded December and July, tree height before flooding, flood duration,
and cumulative flooding temperature.
2.3.7.2

The best fit model
The best fit model (Model 1) had 86% testing data accuracy, 83% training data accuracy,

and 83% all data accuracy. The model predictors were November, March, April, June, growing
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season accumulated, and total accumulated flood depths with thresholds of 0.04 m, 1.86 m, 1.38
m, 0.74 m, 7.99 m, and 14.95 m, respectively (Table 2.2). The locations of trees correctly and
incorrectly predicted by the best fit model indicated that the model could correctly predict the
survival and mortality of 337 trees, which was 83% of the data. The number of false negatives
was 9 trees (2% of the data), and false positives was 58 trees (15% of the data) (Table 2.2 and
Figure 2.9).
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Table 2.2

Black willow: Performance of top ten models, selected predictor variables, and their thresholds for mortality.

k-fold crossvalidation

All

False

False

accuracy (%)

data

negative

positive

accuracy

(No. of

(No. of

(%)

trees)

trees)

No.

Flood depth (m)

BIC
Test
data

Train

AUC
Growing
Total
Nov

Dec

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

season
accumulated

data
accumulated

1

86

83

83

9

58

343.8

0.91

0.04

2

86

83

83

9

59

345.5

0.91

3

85

83

84

11

52

344.5

0.91

0.04

4

85

83

85

10

52

345.3

0.91

0.04

5

85

83

85

10

52

345.7

0.90

0.04

6

84

83

85

12

50

344.1

0.90

0.04

7

84

83

85

12

50

344.9

0.90

8

84

83

85

12

50

345.5

0.90

9

83

83

85

12

50

344.3

0.90

10

83

83

85

11

50

345.2

0.90

1.39

1.55

1.86

1.38

0.74

1.86

1.38

0.74

1.86

1.38

1.86

1.38

2.27

14.95

7.99

14.95

0.74

7.99

14.95

0.74

7.99

14.95

0.74

7.99

14.95

7.99

14.95

7.99

14.96

0.02

2.27

1.53

0.74

2.27

1.53

0.74

1.53

0.74

7.99

14.95

1.52

0.75

7.98

14.98

1.52

0.75

7.98

14.98

0.04

1.80
2.28
1.81

51

1.52

7.99

0.02

Table 2.2 (continued)
No.

Flood duration

Cumulative flooding

(weeks)

temperature (°C)

Tree height (m)

1
2
3
4
5
6
7
8
9
10

Only flood depth (m) column had thresholds that black willow could tolerate, and beyond these thresholds, there was a >50%
probability that mortality was more likely than survival. Predictor variables without thresholds were those that were not selected in the
models.
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Table 2.3

Comparison of mortality thresholds between eastern cottonwood and black willow
from top ten best-fit models.
Threshold

Variable
Eastern cottonwood
November flood depth (m)

Black willow
0.04

December flood depth (m)
January flood depth (m)

0.76

1.39

February flood depth (m)

0.88

1.55

March flood depth (m)

1.66

1.86 to 2.28

April flood depth (m)

1.18

1.38 to 1.81

May flood depth (m)

0.86

1.52 to 1.53

June flood depth (m)

0.85 to 0.93

0.74 to 0.75

July flood depth (m)
August flood depth (m)

0.02

Growing season accumulated flood depth (m)

6.15 to 6.21

7.98 to 7.99

Total accumulated flood depth (m)

11.38 to 11.48

14.95 to 14.98

Tree height (m)
Flood duration (weeks)

4 to 19

Cumulative flooding temperature (°C)

included

Above these thresholds, the mortality probability was >50%. Variables without any threshold
were those that were not selected in the models. Four eastern cottonwood models contained
cumulative flooding temperature (Table 2.1), but its threshold was not provided. Instead, it was
noted as “included”.
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Figure 2.10

Map showing the accuracy of the best fit model for predicting the survival and
mortality of eastern cottonwood and black willow.

(a) Accuracy of the best fit model for the 2019 flood. (b) Accuracy of the best fit model for the
2021 flood. The “False positive (2018 planted) and Correct prediction (2020 planted)” represents
the 2018 planted tree predicted incorrectly by the model and the 2020 planted tree correctly
predicted by the model. These two individuals were planted next to each other at different time,
and the location of these two individuals were considered as the same.
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2.4
2.4.1

Discussion
Survival and height growth
All measurements at the end of growing seasons in 2018, 2020, and 2021 showed that

black willow had significantly higher survival than eastern cottonwood. Eastern cottonwood
cuttings were planted together with black willow at the same time in June 2018. Additional
eastern cottonwood cuttings were planted at Blocks 1 and 2 in June 2020 due to high mortalities
after the 2019 flood. This replanting of eastern cottonwood was conducted only at Blocks 1 and
2 where 17% of established trees (number of survival = 31 and number of established trees prior
to flooding = 180) still survived after the flooding (Figure 2.6 (a)). However, there was no
survival of eastern cottonwood at lower-lying Blocks 3 and 4 (Figure 2.3). Therefore, no
additional planting of eastern cottonwood was conducted in these blocks because these two
blocks were more vulnerable to receiving higher flood depths and extended flooding period, and
these flooding parameters could significantly impact the survival of eastern cottonwood (Table
2.1).
At the end of growing season in 2021, eastern cottonwood had no survival at Block 1 and
13 surviving individuals (about 4% of initially planted 300 trees) at Block 2. Black willow had
81 surviving individuals (27% of initially planted 300 trees in which 37 trees were at Block 1, 43
trees at Block 2, and 1 tree at Block 3) at the end of 2021 growing season. Therefore, black
willow had better survival than eastern cottonwood, but still had mortality in lower-lying Block 3
and Block 4 where flooding was extreme and lengthy. Measurements in all three years at the end
of growing season also indicated that black willow was taller than eastern cottonwood (Figure
2.7). Having a height advantage might have provided black willow the ability to carry out
gaseous exchange and transport of oxygen from aerial parts to the rooting zone through spongy
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aerenchyma tissue and enhance the root porosity, which is an indicator describing how much air
space is present within the root (Pezeshki et al. 1998).
During the study period, both eastern cottonwood and black willow had damages caused
by beaver that usually came along with flooding. Beavers coppiced some of the study trees, and
consequently, these trees could not represent their actual height growth. This fact was verified by
very low height of some trees in both eastern cottonwood and black willow during the
establishment year in 2018 (Figure 2.7 (A)). Under continuous flooding, shorter trees may have
limited capacity in functioning flood adaptation mechanisms, such as transport of oxygen from
aerial parts to the roots, development of hypertrophied lenticels (Du et al. 2012), root
aerenchyma, and intercellular air spaces (Peng et al. 2017), and production of secondary soil
water roots (Megonigal and Day 1992). A former study also reported that in poplar genotypes,
cell structural damages were more pronounced in roots even when compared to leaves under soil
hypoxia stress (Peng et al. 2017). Therefore, in addition to tree height, variations in survival
between two species could be influenced by other factors, such as differences in flood tolerance
capacity, physiological mechanisms, and site-species interactions.
2.4.2

Model performance, selected model parameters, and flood tolerance thresholds
The overall accuracy of the eastern cottonwood’s best fit model (90%) was greater than

that of the black willow’s (83%) (Table 2.1 and Table 2.2). Training, testing, and all data
accuracy of top ten models for both eastern cottonwood and black willow were not largely
different (Table 2.1 and Table 2.2). This suggested that the survival and mortality prediction
models were not over-fitting. All the models generated for both eastern cottonwood and black
willow had outstanding discriminatory power because their AUC values were ≥ 0.90 (Hosmer et
al. 2013) (Table 2.1 and Table 2.2).
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When evaluating the performance of the best fit model for eastern cottonwood, almost all
incorrect predictions were observed in locations farther from the oxbow at Block 2 (Figure 2.9),
which had the most surviving trees, probably due to comparably low flood depth and less
extended flood duration associated with slightly higher elevation (Figure 2.6). In the eastern
cottonwood model, false negatives (23 trees) were greater than false positives (12 trees) (Table
2.1 and Figure 2.9). In contrast, the best fit model of black willow had more false positives (58
trees) than false negatives (9 trees) predictions. In black willow, the error of the best fit model,
particularly false positive predictions, were mainly found in locations closer to the oxbow at
Block 1 (Table 2.2 and Figure 2.9). These accuracy matrices indicated that almost all incorrect
model predictions were observed in individuals located at a farther distance from the oxbow for
eastern cottonwood (Figure 2.9). In black willow, after the 2019 flood, trees located closer to the
oxbow had more incorrect predictions than those located at a farther distance; however, after the
2021 flood, those located at a farther distance had more incorrect predictions. Distance from the
oxbow was also associated with changes in elevation gradient because areas closer to the oxbow
were lower-lying and more susceptible to flooding. Furthermore, riparian species are very
sensitive to slight changes in elevation because this elevational gradient can affect flood depth
and flood duration, and these differences in soil saturation and associated oxidation-reduction
conditions might alter soil chemistry. Furthermore, beaver damage was mainly observed during
the flooding period because beavers typically came along with flooding and coppiced the flooded
trees. Therefore, trees closer to the oxbow (Block 1) and lower-lying areas (Blocks 3 and 4) were
more vulnerable to more frequent flooding and beaver damages. These suggested that spatial
pattern of flooding, beaver damage, and their interactions likely affected the prediction capacity
of the best-fit model and the parameters being selected in the model.
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The survival of black willow was mainly affected by monthly and accumulated flood
depth; however, eastern cottonwood was susceptible to multiple factors, such as monthly and
accumulated flood depth, flood duration and cumulative flooding temperature (Table 2.1 and
Table 2.2). All top ten models of eastern cottonwood selected flood depths of March and April as
predictor variables (Table 2.1). March flood depth was a significant predictor of mortality in the
eastern cottonwood model probably because the plantation had maximum flood depth in March
in 2019 and 2021 (Figure 2.5). April flood depth was also a critical predictor. Since the growing
season extended from April to October in each year in the study area (Allen et al. 2020; Kyei‐
Boahen and Zhang 2006), April was the beginning of the growing season (Figure 2.5). This
result concurred with previous studies, which stated that flooding during the growing season was
detrimental to all growth stages, while dormant season flooding had minor and short-term effects
on trees (Kozlowski and Pallardy 1997) unless flooding was extreme. Like eastern cottonwood,
all black willow models contained growing season parameters, such as June flood depth and
growing season accumulated flood depth, and total accumulated flood depth. This indicated that
only the increase in flood depth affected the survival of black willows, and growing season flood
depth caused the most damaging effects on black willow.
Additional flood depth parameters observed in the top ten black willow models but not
included in the eastern cottonwood model were August and November flood depths (Table 2.1,
Table 2.2, and Table 2.3). Since August was one of the growing season months, this result was
expected. Although not being a growing season month, November was the first month of
flooding during the first two flood events in 2018 and 2019 (Figure 2.5), and so, it was the initial
period of introducing flood stress to the trees. When variable importance was calculated with the
“varImp” function using R package “caret” version 6.0-86 (Kuhn et al. 2020), it was found that
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November flood depth was the least important variable if compared to other variables selected in
the best fit model (Table 2.2). Due to being the first month of flooding, there was only partial
flooding in the study plantation, and so, there was a differentiation between flooded trees and
non-flooded trees in November. More importantly, trees were going into dormancy in
November, and this could be affected by the flooding. Therefore, even though November was
not a growing season month, November flood depth could be crucial in determining the survival
or mortality potential of black willow.
A significant number of black willow died in deeper floodwater (Table 2.3), but they
were not affected by flood duration or being underwater for longer periods, which suggested the
occurrence of oxygen transport from aerial parts to roots, and this could be facilitated by rapid
height growth during the growing season before flooding started. In eastern cottonwood, critical
mortality predictor variables were flood duration and cumulative flooding temperature (Table
2.1, Table 2.2, and Table 2.3). Cumulative flooding temperature can be important because
dissolved oxygen has a negative relationship with water temperature (Joyce et al. 1985; Null et
al. 2017; Post et al. 2018). An increase in water temperature can exacerbate the rhizosphere
hypoxia, and this can have a detrimental effect on eastern cottonwood possibly because it has
limitations in oxygen transport from aerial parts to the roots due to their shorter height growth.
An increase in temperature can also accelerate physiological activities, and this can be critical
during the growing season.
When comparing the same parameters selected in its corresponding models, except June
flood depth, black willow had higher flood tolerance thresholds than eastern cottonwood (Table
2.3) suggesting that black willow was more flood-tolerant than eastern cottonwood. June flood
depth was very critical for black willow (Table 2.2) as it was selected in all top ten models,
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whereas in eastern cottonwood, it was selected only in three models that had the lowest testing
data accuracy, and thus, its June flood depth threshold was calculated from the lowest fit models
(Table 2.1). Low flood during the onset of the flood in November (0.04 m) and during the
growing season in August (0.02) could be harmful to black willow (Table 2.3). That being said,
the study site was partially flooded during the beginning and end of flooding events, and only the
flooded individuals of black willow located closer to the oxbow could be more affected in these
months. In eastern cottonwood, threshold of flood duration ranged from 4 to 19 weeks (Table
2.3), and therefore, significant mortalities likely occurred during the second month of flooding in
December or during the week before the onset of growing season flooding in April. Thus, after 4
to 19 weeks of flooding, mortality probability was greater than 50%. This could be possible for
eastern cottonwood because its survival was lower than 50%, e.g., 17% survival in 2020 and 9%
in 2021. Flood tolerance thresholds reported in this study can be used as input parameters for
modeling suitable locations for planting eastern cottonwood, black willow, or both in the LMAV
region where seasonal flooding is largely associated with hydrologic cycles, particularly during
extreme climatic events and hydrologic changes driven by human-induced activities, such as
construction of dams and levees that can modify the river flow direction and intensity.
2.5

Conclusion
Black willow outperformed eastern cottonwood in terms of both establishment and post-

flooding survival and height growth when planted on marginal agricultural land of the LMAV
during the years experiencing very high and extended flooding. Only elevated monthly and
accumulated flood depth impacted survival of black willow; however, the survival of eastern
cottonwood was affected by many factors, such as monthly and accumulated flood depth, flood
duration, and cumulative flooding temperature. The predictor variables selected in all top ten
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models of eastern cottonwood and black willow (such as April, June, and growing season
accumulated flood depths) suggested that growing season flooding was more detrimental to
trees, while dormant season flooding could be critical when there was an extremely high
flooding, e.g., March flooding. The results of this study will be useful for early establishment
trees or trees that are coppiced. In conclusion, this study determined maximum flood depths that
eastern cottonwood and black willow could tolerate. Planting these species is not recommended
in areas where flooding is deeper, or the duration is longer, than their respective thresholds
presented in this study.
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CHAPTER III
COMPARING THE GROWTH PERFORMANCE AND PHYSIOLOGY OF THREE SHORT
ROTATION WOODY CROPS PLANTED ON SEASONALLY FLOODED MARGINAL
LAND OF THE LOWER MISSISSIPPI ALLUVIAL VALLEY
3.1

Introduction
The Lower Mississippi Alluvial Valley (LMAV) is an alluvial floodplain of the

Mississippi River Watershed. The region has high-intensity agricultural areas. On the other hand,
the region has marginal lands where farming is difficult and profitable agricultural production is
not guaranteed due to spring and summer flooding. Sometimes, these land areas are abandoned
and unmanaged. These seasonally flooded marginal lands can potentially be brought back to
production by establishing short rotation woody crops (SRWCs) as the feedstock needed for
biomass and bioenergy production. Planting SRWCs as bioenergy plantations on marginal land
can also offer additional benefits, such as rehabilitation of degraded land, improved ecosystem
services (e.g., water quality improvement) and carbon sequestration (Liu et al. 2011). Since
seasonal flooding is common in the marginal croplands of the LMAV, selected SRWCs should
have tolerance to seasonal and recurrent flooding. To establish a bioenergy plantation in these
marginal agricultural lands, eastern cottonwood (Populus deltoides W. Bartram ex Marshall),
American sycamore (Platanus occidentalis L.), and black willow (Salix nigra Marshall) are
recommended because these species are riparian species, and the U.S. Department of Energy
identified the first two species as “model” bioenergy crops and the last species as a “potentially
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important” bioenergy crop in the Bioenergy Feedstock Development Program (Kszos et al.
2000). Moreover, these species have been considered and planted as SRWCs for biofuel
feedstocks in the LMAV region (Dipesh et al. 2017; Frey et al. 2010; Kline and Coleman 2010;
Rousseau et al. 2012).
For producing feedstock needed for bioenergy, it is important to examine which SRWCs
can grow well on marginal lands of the LMAV. Alongside growth parameters (such as tree
height, diameter, volume, and biomass weight), physiological parameters need to be evaluated
because there can be tradeoffs between net photosynthetic assimilate rate (Anet) and other
physiological parameters, such as transpiration rate (E), nitrogen content per unit leaf area (Narea),
water use and nutrient use efficiency. Previous studies showed that photosynthetic nitrogen use
efficiency (PNUE) was negatively associated with water use efficiency, leaf mass per area
(LMA), and Narea (Field et al. 1983; Novriyanti et al. 2012). In riparian floodplains of the
LMAV, water tables are usually high with fine-textured soils, poor drainage, and seasonal
waterlogging (Allen et al. 2001; Logan 1916). Agricultural runoff and leaching of dissolved
nutrients are also problematic throughout the LMAV since negatively charged fine-textured soils
(e.g., clays) cannot bind with nutrients like nitrate (NO3-). Therefore, nutrient-related parameters,
such as leaf N content, Narea and PNUE can potentially play a more vital role in physiological
performance and determining tree growth. In addition, interactions with the environment can
vary with species because one SRWC species can outperform other competitor species under one
specific environmental condition, while it may have limited capacity in adapting to other
conditions. For instance, if compared to eastern cottonwood and American sycamore, during
flooding, willow (Salix) species may be more flood-resistant due to its enhanced tolerance of
roots to oxygen deficiency in inundated and reducing soil conditions (Jackson and Attwood
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1996), whereas during flood-free summer, black willow may possibly be the least water use
efficient species due to its higher rate of transpiration (Persson and Lindroth 1994). In terms of
resource use patterns, eastern cottonwood can be more water use efficient because eastern
cottonwood can sacrifice its peripheral shoots to maintain xylem integrity and protect from
xylem cavitation that enhances its water budget during low soil water availability conditions
(Rood et al. 2000).
Water use efficiency parameters (such as instantaneous water use efficiency (WUEinst.)
and instantaneous intrinsic water use efficiency (iWUEinst.)) can be calculated by using gas
exchange parameters (Anet, gs, and E) and stable isotopes of carbon (C). Plants are more depleted
(more negative δ; δ = variation of an isotopic ratio of an element) in 13C than the atmosphere.
Discrimination by the Rubisco enzyme against 13CO2 is of paramount importance because
Rubisco binds more efficiently with 12CO2 than with 13CO2. Rubisco uses 13CO2 only if there is a
shortage of 12CO2 in leaves, which can occur during increased photosynthetic rates and under
water stress conditions. This Rubisco discrimination relies on the CO2 concentration inside the
leaf, which, in turn, depends on stomatal conductance (gs). Thus, comparing the magnitude of
δ13C among SRWC species can give an insight about which ones are more efficient in water use
(e.g., plants with more depleted 13C, i.e., more negative δ are less water use efficient) because it
is a measure of stomatal conductance (or water loss) per unit C assimilated. Therefore, C stable
isotope data can be used to distinguish the Rubisco enzyme’s discrimination for 13C relative to
12

C, and then, give an estimate of intrinsic water use efficiency (iWUEiso.) (Farquhar et al. 1989).

In addition to differences in physiology among species, there can be site-species interactions
even within the same species planted at different sites e.g., less-flooded vs. more flooded sites.
Therefore, to understand how different species utilize similar or contrasting physiological
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strategies for resource use and efficiency and their stomatal responses to environmental
conditions at different times of the year, these physiological parameters need to be measured and
compared across species and time.
The incoming flux of CO2 and transpiration of water vapor from the leaves are mainly
determined by stomatal conductance. Due to its relationship with gas exchange rate, stomatal
conductance is critical for determining photosynthetic rate of plants and biomass productivity.
Stomatal conductance can be different across species as well as among various genotypes of the
same species, which may unravel the reasons why growth performance varies among them
(Ceulemans et al. 1988). Leaf stomatal conductance can be affected by other leaf-level variables,
such as leaf temperature and leaf vapor pressure deficit (VPD). Different results were reported
when establishing the relationships between stomatal conductance and leaf temperature, and
according to previous studies, stomatal conductance could be not only positively (Urban et al.
2017a; Urban et al. 2017b) but also negatively (Lu et al. 1994) associated with leaf temperature.
VPD, calculated as the difference between atmospheric vapor pressure and saturated vapor
pressure, can affect the opening and closing of stomata. High VPD implies that there is a greater
potential of water loss to the atmosphere, which induces stomata closure to minimize water loss.
Different species respond differently to changes in VPD, and VPD can also affect gas exchange
and leaf-level physiological parameters across species, such as stomatal conductance,
transpiration, photosynthesis, and leaf-level water use efficiency (Broughton et al. 2021;
Grossiord et al. 2020).
Former studies reported that Populus species (7.5 to 15.2 Mg/ha/year) had slightly higher
or comparable biomass productivity than Salix species (3.6 to 14.6 Mg/ha/year) (Volk et al.
2018), while American sycamore had the lowest biomass yield (5.8 to 9 Mg/ha/year) (Cobb et al.
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2008; Dipesh et al. 2015; Ile et al. 2021). However, under unique site conditions like the riparian
floodplain of the LMAV, frequency and intensity of flooding, such as flood duration and flood
depth, may modify the growth performance of selected SRWCs. As described in Chapter 2,
differences in flood tolerance capacity significantly affected the survival of SRWCs. In this
study, black willow is likely the most flood tolerant, followed by eastern cottonwood and
American sycamore. In a riparian system, the most flood tolerant species tend to have better
post-flooding survival and consequently, higher biomass yield. This suggests that black willow
likely exhibits greater biomass yield potential. Tree growth can be correlated with photosynthetic
capacity, leaf N content, and water use and nutrient use efficiency, and relationships between
growth parameters (e.g., tree biomass and tree volume) and physiological parameters can be
different across species. To expand understanding about physiological mechanisms of selected
SRWCs, this study compared resource use and efficiency, analyzed the relationships between
stomatal conductance and environmental parameters, and determined the relationships between
tree volume and physiological parameters across eastern cottonwood, American sycamore, and
black willow. The study area consisted of two SRWCs plantations established on marginal
agricultural lands located in the riparian floodplains of the LMAV region. Three main objectives
of this study were to:
(1) Compare leaf-level physiological parameters across the selected species and growing
season months as well as determine the relationships among the physiological parameters
within each species;
(2) Determine how leaf stomatal conductance is associated with leaf environmental
conditions; and
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(3) Determine which physiological parameters are mainly associated with growth and tree
volume in each species.
The results of this study will provide insight about physiological strategies of selected
SRWCs under post-flood growth conditions during growing season months. A more detailed
understanding of physiological responses of each species will deliver valuable information for
management implications, such as site-species matching, different or similar level of interactions
between site and species, and modeling biomass productivity, resource use and efficiency.
3.2
3.2.1

Materials and methods
Study area
There are two study areas located in the Mississippi Delta of the LMAV in Sidon, Leflore

County, MS (33° 25' 3.839" N, 90° 13' 7.851" W) and Satartia, Yazoo County, MS
(90°41'29.05"W, 32°38'40.40"N) (Figure 3.1). Prior to this study, both study areas and their
vicinity were used for row-crop agriculture. The Sidon site has hydric soil, seasonal flooding, flat
terrain, very high runoff, a high water table, and somewhat poorly drained Arkabutla and Falaya
silt loam soils (Soil Survey Staff 2021). The plantation at the Sidon site was continuously
flooded from November 2018 to August 2019 during the 2018-2019 flood and from November
2019 to early July 2020 during the 2019-2020 flood, respectively (Figure 3.2 (a)). According to
measurements at Greenwood Leflore Airport Station, MS USW00013978, Sidon has an average
temperature of 18°C in autumn, 8°C in winter, 18°C in spring, and 27°C in summer (NOAA
2021). Annually, the Sidon site has average temperature of 18°C and average total rainfall of
1315 mm (NOAA 2021).
The plantation at the Satartia site has flat terrain, somewhat poorly drained Dundee silt
loam soils and low runoff (Soil Survey Staff 2021). At the Satartia site, only one groundwater
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well closer to the drainage ditch (Figure 3.4) was flooded during the growing season in mid-June
for about three days in 2021; however, the average water level data of three wells located in the
bottom, mid, and top of the plantation indicated that the site was not flooded, and below ground
water level was within 1.5 m from the surface (Figure 3.2 (b)). According to measurements at
Yazoo City 5 NNE, MS at station USC00229860, Satartia has an average temperature of 20 °C
in autumn, 10 °C in winter, 20 °C in spring, and 29 °C in summer (NOAA 2021). Annually,
Satartia has average temperature of 20°C and average total rainfall of 1533 mm (NOAA 2021).
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Figure 3.1

Study areas located in Sidon and Satartia, Mississippi in the Mississippi Delta of
the LMAV.
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Figure 3.2

Flooding status of the study area.

(a) The Sidon site showing the average water level calculated by averaging the water level data
measured across ten water level sensors (Figure 2.2). (b) The Satartia site showing the average
water level calculated by averaging the water level data measured across three water level
sensors. April to October was considered as growing season (shaded green) in both sites.
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3.2.2
3.2.2.1

Plantation establishment
The Sidon site
In Sidon, a study plantation containing three short rotation woody bioenergy crops –

eastern cottonwood, American sycamore, and black willow were established at the interface
between seasonally flooded marginal agricultural land and an oxbow of the Yazoo River (Figure
3.3 (a)). The Sidon site was established in 2018, and initially, there were four replicated blocks,
and each block contained three species sub-blocks where the selected SRWCs were planted
(Figure 3.3). In all four blocks, unrooted cuttings of 300 eastern cottonwood (including six
genotypes: 110312, 110412, 6-4, 25-2, 80-2 and ST75) and 300 black willow (including five
genotypes: MNAT 4-1, MNAT 4-2, MVIC 4-3, MVIC 5-2 and MVIC 5-7) were planted at a 1.8
m by 2.7 m (6 ft. × 9 ft.) spacing in June 2018 (Figure 2.4). Within species sub-blocks,
genotypes within a given species were randomly assigned across each replicate. Prior to flooding
in November 2018, establishment survival was 60% (n = 300) for eastern cottonwood and 96%
(n = 300) for black willow. In November 2019, 300 containerized American sycamore seedlings
were planted. American sycamore seedlings were collected from three different open-pollinated
families: A, B, and C meaning that seeds from American sycamore family A came from the same
mother tree but different pollen, likewise for families B and C. After the 2018-2019 flood, year
2020 survival rates of eastern cottonwood and black willow in planted blocks were 17% (n =
180) and 40% (n = 288) of the establishment survival, and survival rate of American sycamore in
planted blocks was 92% (n = 150) of initial planting. Due to these high mortalities, 150 eastern
cottonwood cuttings (including three genotypes: 110412, S7C4, and S7C8) were planted only in
two blocks in June 2020 and the other two blocks were left unplanted (Figure 3.3 (b)). Black
willow and American sycamore were not replanted following mortalities, and like eastern
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cottonwood, there were two planted blocks and two control blocks. The planting layout was set
up based on the flood tolerance level of selected SRWC species, and the most flood-tolerant
species was planted in the areas most susceptible to flooding to enhance survival and growth
(Schuler et al. 2009). Thus, black willow was planted in the positions closest to the river,
followed by eastern cottonwood and American sycamore (Figure 3.3 (b)).
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Figure 3.3

Planting layout of the Sidon site.

(a) Location of the plantation site. (b) Layout of two planted blocks and control.
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3.2.2.2

The Satartia site
The plantation at the Satartia site was established in a riparian area between an

agricultural field and a drainage ditch (Figure 3.4). Site preparation, acquisition of test planting
materials, planting and cultural operations were conducted the same as at the Sidon site. There
were four replicated blocks, and 300 cuttings of black willow, 300 cuttings of eastern
cottonwood, and 300 bare root seedlings of American sycamore were planted on a 1.8 m × 2.7 m
spacing in December 2020 (Figure 3.4). Survival rates at the end of the first growing season in
2021 were 66% for black willow, 51% for eastern cottonwood, and 88% for American sycamore.

Figure 3.4

Planting layout of the Satartia site.
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3.2.3

Physiological parameter measurement
In both Sidon and Satartia sites, leaf-level gas exchange parameters were measured using

a LI-COR 6400 XTP portable photosynthesis system. At the Sidon site, there were two planted
blocks – Block 1 (i.e., lower block closer to the oxbow) and Block 2 (i.e., upper block farther
away from the oxbow) (Figure 3.3 (b)). In each of three species sub-blocks, gas exchange
parameters from the three largest trees across the gradient of size for each genotype/family were
repeatedly measured with a total sample size of 18 per species (3 trees × 3 genotypes/families ×
2 blocks) in each of four months in July, August, September, and October 2020 (Figure 2.4 from
Chapter 2). Fully expanded, sunlit leaves with minimal disease were selected for measurements.
At the Satartia site, there were four replicated blocks (Figure 3.4), and in each block, the
three largest trees across the gradient of size were measured for American sycamore and black
willow, whereas one to five trees were measured for eastern cottonwood in August and
September 2021. In total, 36 individuals of eastern cottonwood, 12 individuals of American
sycamore, and 12 individuals of black willow were measured at the Satartia site.
During gas exchange measurements, photosynthetic photon flux density, CO2
concentration, leaf temperature, and relative humidity inside the leaf chamber were set at 1500
μmol/m2/s, 400 ppm, 30°C, and 40 to 60%, respectively. In both study plantations, the measured
gas exchange parameters were net photosynthetic assimilation rate (Anet), stomatal conductance
(gs), and transpiration rate (E). Instantaneous water use efficiency (WUEinst.) was calculated by
dividing Anet with E. Instantaneous intrinsic water use efficiency (iWUEinst.) was calculated by
dividing Anet with gs. Measured leaves were transported to the lab to measure fresh leaf area
using a LI-3100C Area Meter (LI-COR Biosciences Inc., Lincoln, NE, USA), dry at 65°C for 48
hours or until all water was expelled from samples, and measure dry weight. Dried leaves were
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ground to the size that could pass through 2 mm sieve, placed in tin capsules, and sent to the
University of California Davis Stable Isotope Facility (Davis, CA, USA) to quantify
concentration of leaf carbon (C), leaf nitrogen (N), and leaf C isotopic ratio (δ13C) in the
samples. To quantify these parameters, the facility used an Elementar Vario EL Cube or Micro
Cube elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany) interfaced to
either an Isoprime VisION IRMS (Elementar UK Ltd., Cheadle, UK) or a PDZ Europa 20-20
isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Leaf C/N ratio was calculated from
leaf C and N concentrations. Nitrogen per unit leaf area (Narea) was calculated by multiplying
nitrogen per unit mass (Nmass; calculated as the ratio of leaf N weight and leaf sample weight)
with leaf mass per area (LMA; calculated by dividing dried leaf weight with fresh leaf area).
Photosynthetic nitrogen use efficiency (PNUE) was calculated by the ratio of Anet and Narea.
Intrinsic water use efficiency based on carbon isotope discrimination (iWUEiso.) was calculated
from leaf isotopic discrimination (Δ) using the formula below.

iWUEiso. =

𝑐𝑎
1.6

×(

27− Δ

)

27−4.4

where,
iWUEiso. = intrinsic water use efficiency based on carbon isotope discrimination
ca = atmospheric concentration of CO2
1.6 = ratio of diffusivity for CO2 vs. water vapor
27 = discrimination of Rubisco against 13C
4.4 = diffusive discrimination against 13C through stomata
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(3.1)

Δ =

δ13 𝑎 − δ13 𝑝
1000 + δ13 𝑝

× 1000

(3.2)

where,
Δ = leaf isotopic discrimination
δ13 a = isotopic composition of the atmosphere (-8‰)
δ13 p = isotopic composition of the plant tissue
Only at the Sidon site, photosynthetic A/Ci curves (A= net CO2 assimilation rate and Ci =
sub-stomatal CO2 concentration inside the leaf) were measured on 18 leaves (6 leaves per
species) in two planted blocks (9 trees per block) in August 2020. To create the A/Ci curves,
ambient CO2 levels were set at 400 ppm and then, 300, 200, 100, and 50 ppm before being
increased to 400, 600, and 800 ppm. During measurements, parameters inside the leaf chamber
were set at 1500 μmol/m2/s for photosynthetic photon flux density, 30°C for leaf temperature,
and 40 to 60% for relative humidity, respectively. From the A/Ci curves, Rubisco-limited
carboxylation rate (Vcmax), electron transport-limited carboxylation rate (Jmax), triose phosphate
utilization-limited carboxylation rate (TPU), daytime respiration (Rday), and mesophyll
conductance (gm) were calculated in a Microsoft Excel solver program by using non-linear
curve-fittings equations from Sharkey et al. (2007) that were developed based on Farquhar et al.
(1980) and scaling to a standardized temperature of 25°C.
3.2.4
3.2.4.1

Environmental data
Sidon: Leaf VPD and leaf temperature
To determine the relationships between stomatal conductance and leaf-level

environmental parameters (including leaf VPD and leaf temperature) inside the chamber of the
infrared gas analyzer were also measured at the Sidon site on July 23, August 20 and 24,
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September 30, and October 27, 2020. Means and 95% confident intervals of leaf VPD for eastern
cottonwood were 2.51 ± 0.27 kPa (n = 18) in July, 1.21 ± 0.05 kPa (n = 18) in August, 1.48 ±
0.11 kPa (n = 18) in September, and 0.89 ± 0.10 kPa (n = 18) in October, respectively. American
sycamore had an average leaf VPD of 2.71 ± 0.10 kPa (n = 18) in July, 1.63 ± 0.08 kPa (n = 18)
in August, 1.68 ± 0.07 kPa (n = 18) in September, and 0.94 ± 0.05 kPa (n = 18) in October,
respectively. Black willow had an average leaf VPD of 2.09 ± 0.12 kPa (n = 18) in July, 1.39 ±
0.08 kPa (n = 18) in August, 1.69 ± 0.11 kPa (n = 18) in September, and 0.87 ± 0.06 kPa (n = 18)
in October, respectively.
During gas exchange measurements, leaf temperatures inside the chamber for eastern
cottonwood were 36 ± 0.7° C (n = 18) in July, 30 ± 0.2° C (n = 18) in August, 28 ± 0.5° C (n =
18) in September, and 21 ± 0.7° C (n = 18) in October, respectively. American sycamore had
average leaf temperatures of 35 ± 0.5° C (n = 18) in July, 30 ± 0.2° C (n = 18) in August, 28 ±
0.4° C (n = 18) in September, and 21 ± 0.7° C (n = 18) in October, respectively. Black willow
had average leaf temperatures of 35 ± 0.4° C (n = 18) in July, 30 ± 0.1° C (n = 18) in August, 27
± 0.6° C (n = 18) in September, and 20 ± 0.5° C (n = 18) in October, respectively. Therefore,
July had the highest leaf temperature and leaf VPD, whereas October had the lowest values.
During gas exchange measurements, half-hourly soil moisture content of the Sidon site
was measured using a CS616 30 cm water content reflectometer (Campbell Scientific, Inc.,
Logan, UT, USA). Gas exchange measurements were taken continuously on the same day in
July, September, and October, and measurement time was between 9:00 AM and 2:00 PM. In
August, measurements were performed on two different dates of August 20 and 24, and so, soil
moisture content was slightly different across the three species in August. Since gas exchange
measurements were performed on the same day in July, September, and October, there was no
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variation in soil moisture content of the site in these months. The site had 0.51, 0.50, and 0.49
m3/m3 of soil moisture content in July, September, and October, respectively. August had
variation in soil moisture content, and mean soil moisture content in August was 0.46 m3/m3 (SE
= 0.0003 m3/m3).
3.2.4.2

Satartia: Leaf VPD and leaf temperature
Along with gas exchange parameters, leaf VPD and leaf temperature were measured at

the Satartia plantation site on August 25 and September 10, 2021. During gas exchange
measurements, means and 95% confident intervals of leaf VPD were 4.07 ± 0.19 kPa (n = 36) for
eastern cottonwood, 3.92 ± 0.19 kPa (n = 12) for American sycamore, and 4.12 ± 0.54 kPa (n
=12) for black willow, respectively. During gas exchange measurements, leaf temperature was
38.9 ± 0.6° C (n = 36) for eastern cottonwood, 40.2 ± 0.6° C (n = 12) for American sycamore,
and 38.6 ± 2.1° C (n = 12) for black willow, respectively.
3.2.5

Tree growth measurements
Tree growth parameters, such as ground line diameter and tree height were measured

only at the Sidon site at the end of the 2020 growing season. Ground line diameters for all
individual stems in each plant were measured, and for tree height, the tallest stem of the tree was
measured. From the diameter data, basal areas were calculated by using 𝜋𝑟 2, in which r was the
ground line radius of the tree stem. Then, volume of individual stems was calculated by
multiplying basal area and tree height, and then, all the individual stems’ volumes were summed
to calculate tree volume.
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3.2.6
3.2.6.1

Statistical analyses
Comparing physiological parameters across species and months
A linear mixed effects model was used to determine the significant effects of month,

species, and interaction of month and species for the Sidon data by using the “lme” function in
the “nlme” package (Pinheiro et al. 2021) in R version 4.0.4. In the model, response variables
were physiological parameters, the fixed effects were species, month, and the interaction
between months and species, and the random effects were blocks and sub-blocks
(genotype/family plots). Post-hoc tests were also conducted to compare parameters across
species and months using the estimated marginal means (“emmeans”) function (Lenth et al.
2020). To analyze the Satartia data, a linear mixed effects model was used by considering
species as the fixed effect and blocks as the random effect. Post-hoc tests were performed to
compare parameters across species using the “emmeans” function.
3.2.6.2

Relationship between stomatal conductance and environmental parameters
To identify the relationships between leaf stomatal conductance and leaf temperature as

well as leaf stomatal conductance and leaf VPD, linear regression was performed using the “lm”
function. Significant relationships between stomatal conductance and these two parameters were
determined for each species. Scatterplots with regression lines were plotted, and model equation,
R2, and slope P-values were calculated in R. Analysis of covariance (ANCOVA) was conducted
with R using the “lstrends” function in the “lsmeans” package (Lenth 2016) to estimate and
compare the slopes of linear regression lines among the three species.
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3.2.6.3

Relationship between tree volume and physiological parameters
For the Sidon data, a Kruskal-Wallis test and post-hoc Dunn’s Kruskal-Wallis Multiple

Comparisons using Bonferroni method were performed to determine statistical differences
among tree volumes of surviving American sycamore (n = 138), black willow (n = 110), eastern
cottonwood planted in 2018 (n = 30), and eastern cottonwood planted in 2020 (n = 127). In
addition, linear regression was conducted with the “lm” function to determine the statistically
significant relationships between tree volume and physiological parameters for each species.
Only the subset of data (n = 36) in which locations of trees could be identified while obtaining
the A/Ci curves in August were used for analyzing these linear relationships.
3.2.6.4

Correlations among physiological parameters
To determine significant correlations among physiological parameters, Pearson

correlation coefficient matrices were calculated for individual species as well as for the
combined data of three species. These correlation matrices were generated separately for each
study site.
3.3
3.3.1
3.3.1.1

Results
Comparing physiological parameters across species
Sidon
In Sidon, the effects of month, species, and month and species interaction were

statistically significant in linear mixed effects models while comparing physiological parameters
(Anet, gs, E, WUEinst., iWUEinst., δ13C, Δ, iWUEiso, leaf C, leaf N, leaf C/N ratio, LMA, Narea, and
PNUE) among eastern cottonwood, American sycamore, and black willow (P-value < 0.05),
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except month and species interaction effect of black willow for leaf C concentration and species
effect for LMA (Figure 3.5 and Table 3.1).
For net photosynthetic assimilation rate (Anet), black willow was 29% and 53% higher
than eastern cottonwood, and American sycamore in July; eastern cottonwood was 20% and 35%
higher than black willow and American sycamore in August; eastern cottonwood was 25%
higher than American sycamore in September. For stomatal conductance (gs), black willow was
the highest in July and October, and in August, both black willow (0.73 mol/m2/s) and eastern
cottonwood (0.78 mol/m2/s) were higher than American sycamore (0.35 mol/m2/s). For
transpiration rate (E), black willow was 55% and 69% higher than eastern cottonwood and
American sycamore in July and 42% and 48% higher than eastern cottonwood and American
sycamore in October; both black willow (8.43 mmol/m2/s) and eastern cottonwood (7.29
mmol/m2/s) were higher than American sycamore (5.08 mmol/m2/s) in August. Overall, either
black willow or both black willow and eastern cottonwood had higher Anet, gs, and E than
American sycamore (Table 3.1).
For instantaneous water use efficiency (WUEinst.), both American sycamore and eastern
cottonwood were higher than black willow in July, August, and October. For instantaneous
intrinsic water use efficiency (iWUEinst.), both American sycamore (61.09 µmol/mol) and eastern
cottonwood (57.29 µmol/mol) were higher than black willow (25.27 µmol/mol) in July;
American sycamore (50.25 µmol/mol) was higher than both eastern cottonwood (32.86
µmol/mol) and black willow (28.91 µmol/mol) in August; and American sycamore (39.07
µmol/mol) was higher than black willow (20.99 µmol/mol) in October. For intrinsic water use
efficiency calculated from leaf carbon isotopic discrimination (iWUEiso.), American sycamore
was 21% and 58% higher than eastern cottonwood and black willow, respectively, in July, 20%
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and 38% higher than eastern cottonwood and black willow, respectively, in August, and 23%
higher than both eastern cottonwood and black willow in September, and both American
sycamore (59.82 µmol/mol) and eastern cottonwood (59.10 µmol/mol) were higher than black
willow (34.00 µmol/mol) in October. For photosynthetic nitrogen use efficiency (PNUE), black
willow was 33% and 45% higher than eastern cottonwood and American sycamore, respectively,
in July and 25% and 37% higher than eastern cottonwood and American sycamore, respectively,
in August. Therefore, in total, either American sycamore or both American sycamore and eastern
cottonwood had higher water use efficiency than black willow; however, black willow had
higher PNUE than American sycamore and eastern cottonwood (Table 3.1).
For leaf C concentration (%), both American sycamore and black willow were
consistently higher than eastern cottonwood in all four months, and when comparing leaf C for
the same species in different months, there was no statistically significant difference. For leaf N
concentration, both eastern cottonwood (1.81%) and black willow (1.80%) were higher than
American sycamore (1.18%) in July; eastern cottonwood was 33% and 42% higher than
American sycamore and black willow, respectively, in August; and eastern cottonwood was 17%
and 23% higher than American sycamore in September and October, respectively. For leaf C/N
ratio, American sycamore was 36% and 34% higher than eastern cottonwood and black willow,
respectively, in July; both American sycamore (24.15) and black willow (27.30) were
statistically higher than eastern cottonwood (15.14) in August; and American sycamore was 23%
higher than eastern cottonwood in October, respectively. There was no significant difference in
leaf C concentration across months, and therefore, changes in leaf N concentration across months
significantly affected leaf C/N ratio (Table 3.1).
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For leaf mass per area (LMA), eastern cottonwood was 31% higher than American
sycamore in October, and there was no significant difference among the three species in July,
August, and September. For nitrogen per unit leaf area (Narea), eastern cottonwood was 34%
higher than black willow in August; eastern cottonwood was 31% higher than American
sycamore in September; and eastern cottonwood was 45% and 23% higher than American
sycamore and black willow respectively. Therefore, in general, eastern cottonwood had the
highest values in LMA and Narea (Table 3.1).
Photosynthetic capacity parameters (Vcmax, Jmax, and TPU) and Rday were not statistically
different across the three species, but regarding gm, eastern cottonwood was 87% higher than
black willow, while American sycamore (4.94 mol/m2/s) was not different from either eastern
cottonwood (13.4 µmol/m2/s/Pa) or black willow (1.78 µmol/m2/s/Pa) (Figure 3.6).
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Figure 3.5

Line graphs showing physiological parameters of eastern cottonwood, American
sycamore, and black willow at the Sidon site.

Sample size (n) was 18 for each species measured in July, August, September, and October
2020.
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Table 3.1

Parameter
Anet

Means and standard errors (in parentheses) of physiological parameters for eastern cottonwood, American sycamore,
and black willow at the Sidon site (Figure 3.5).
Species

WUEinst.

iWUEinst.

Sep

Oct

14.09 (0.87) (C) (b)

24.57 (0.51) (A) (a)

19.58 (0.59) (B) (a)

16.68 (1.14) (C) (a)

American sycamore

9.40 (0.59) (B) (c)

16.02 (0.68) (A) (c)

14.78 (0.60) (A) (b)

15.40 (0.35) (A) (a)

19.86 (0.96) (A) (a)

19.72 (0.74) (A) (b)

18.24 (0.65) (A) (ab)

18.29 (0.89) (A) (a)

Eastern cottonwood

0.32 (0.05) (C) (b)

0.78 (0.04) (A) (a)

0.38 (0.03) (C) (a)

0.56 (0.06) (B) (b)

American sycamore

0.17 (0.02) (B) (b)

0.35 (0.03) (A) (b)

0.27 (0.02) (AB) (a)

0.40 (0.01) (A) (b)

0.82 (0.05) (AB) (a)

0.73 (0.04) (B) (a)

0.32 (0.02) (C) (a)

0.92 (0.05) (A) (a)

Eastern cottonwood

6.31 (0.52) (A) (b)

7.29 (0.28) (A) (a)

4.77 (0.21) (B) (a)

3.64 (0.17) (B) (b)

American sycamore

4.35 (0.40) (AB) (c)

5.08 (0.38) (A) (b)

4.04 (0.18) (AB) (a)

3.24 (0.08) (B) (b)

Black willow

13.9 (0.49) (A) (a)

8.43 (0.38) (B) (a)

4.81 (0.28) (C) (a)

6.27 (0.33) (C) (a)

Eastern cottonwood

2.35 (0.10) (C) (a)

3.42 (0.09) (B) (a)

4.17 (0.12) (A) (a)

4.54 (0.20) (A) (a)

American sycamore

2.31 (0.12) (C) (a)

3.42 (0.25) (B) (a)

3.69 (0.09) (B) (a)

4.76 (0.09) (A) (a)

Black willow

1.43 (0.04) (C) (b)

2.42 (0.14) [B] (b)

3.95 (0.20) (A) (a)

3.01 (0.16) (B) (b)

Eastern cottonwood

57.29 (6.20) (A) (a)

32.86 (1.58) (B) (b)

55.36 (3.56) (A) (a)

33.14 (2.18) (B) (ab)

American sycamore

61.09 (3.81) (A) (a)

50.25 (3.68) (AB) (a)

57.45 (2.21) (A) (a)

39.07 (1.31) (B) (a)

Black willow

25.27 (1.23) (B) (b)

28.91 (2.21) (B) (b)

61.47 (3.42) (A) (a)

20.99 (1.56) (B) (b)

Black willow
E

Aug

Eastern cottonwood

Black willow
gs

July
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Table 3.1 (continued)
Parameter
δ13C

Δ

iWUEiso.

Leaf C

Leaf N

Species

July

Aug

Eastern cottonwood

-29.79 (0.15) (AB) (b)

-29.99 (0.12) (B) (b)

-29.95 (0.19) (B) (b)

-29.03 (0.20) (A) (a)

American sycamore

-28.64 (0.25) (A) (a)

-28.94 (0.21) (A) (a)

-28.73 (0.19) (A) (a)

-28.97 (0.15) (A) (a)

Black willow

-31.81 (0.08) (C) (c)

-30.92 (0.15) (B) (c)

-29.98 (0.16) (A) (b)

-31.18 (0.12) (BC) (b)

Eastern cottonwood

22.46 (0.15) (AB) (b)

22.67 (0.13) (A) (b)

22.63 (0.20) (A) (a)

21.66 (0.21) (B) (b)

American sycamore

21.24 (0.26) (A) (c)

21.57 (0.22) (A) (c)

21.34 (0.20) (A) (b)

21.59 (0.16) (A) (b)

Black willow

24.60 (0.09) (A) (a)

23.65 (0.16) (B) (a)

22.66 (0.17) (C) (a)

23.93 (0.13) (AB) (a)

Eastern cottonwood

50.18 (1.70) (AB) (b)

47.86 (1.39) (B) (b)

48.38 (2.18) (B) (b)

59.10 (2.35) (A) (a)

American sycamore

63.66 (2.92) (A) (a)

60.10 (2.48) (A) (a)

62.58 (2.17) (A) (a)

59.82 (1.75) (A) (a)

Black willow

26.60 (0.97) (C) (c)

37.07 (1.79) (B) (c)

48.03 (1.89) (A) (b)

34.00 (1.39) (BC) (b)

Eastern cottonwood

44.48 (0.33) (A) (b)

44.64 (0.33) (A) (b)

44.68 (0.23) (A) (b)

44.83 (0.22) (A) (b)

American sycamore

45.98 (0.16) (A) (a)

45.87 (0.30) (A) (a)

46.80 (0.26) (A) (a)

46.17 (0.11) (A) (a)

Black willow

45.89 (0.15) (A) (a)

46.48 (0.21) (A) (a)

46.64 (0.43) (A) (a)

46.48 (0.15) (A) (a)

Eastern cottonwood

1.81 (0.09) (B) (a)

3.01 (0.11) (A) (a)

3.03 (0.12) (A) (a)

3.12 (0.17) (A) (a)

American sycamore

1.18 (0.05) (C) (b)

2.02 (0.13) (B) (b)

2.50 (0.06) (A) (b)

2.41 (0.08) (AB) (b)

Black willow

1.80 (0.09) (B) (a)

1.76 (0.08) (B) (b)

2.77 (0.15) (A) (ab)

2.70 (0.08) (A) (ab)
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Sep

Oct

Table 3.1 (continued)
Parameter

Species

Leaf C/N ratio

Eastern cottonwood

25.41 (1.10) (A) (b)

15.14 (0.46) (B) (b)

15.17 (0.59) (B) (a)

15.11 (0.83) (B) (b)

American sycamore

40.00 (1.55) (A) (a)

24.15 (1.32) (B) (a)

18.94 (0.46) (C) (a)

19.51 (0.62) (C) (a)

Black willow

26.31 (1.01) (A) (b)

27.30 (1.07) (A) (a)

17.53 (0.77) (B) (a)

17.51 (0.57) (B) (ab)

Eastern cottonwood

60.63 (2.72) (B) (a)

69.95 (2.33) (B) (a)

74.89 (2.15) (B) (a)

103.75 (8.35) (A) (a)

American sycamore

76.59 (3.39) (AB) (a)

83.34 (3.39) (A) (a)

62.56 (1.71) (B) (a)

71.88 (1.83) (AB) (b)

56.53 (1.69) (C) (a)

79.91 (7.15) (AB) (a)

65.62 (5.91) (BC) (a)

90.03 (4.95) (A) (ab)

Eastern cottonwood

1.07 (0.04) (C) (a)

2.09 (0.09) (B) (a)

2.25 (0.09) (B) (a)

3.17 (0.24) (A) (a)

American sycamore

0.89 (0.04) (B) (a)

1.68 (0.12) (A) (ab)

1.56 (0.06) (A) (b)

1.73 (0.07) (A) (c)

Black willow

1.00 (0.04) (C) (a)

1.38 (0.13) (BC) (b)

1.80 (0.17) (B) (ab)

2.45 (0.16) (A) (b)

Eastern cottonwood

13.40 (0.89) (A) (b)

12.04 (0.48) (AB) (b)

9.01 (0.51) (BC) (a)

6.01 (0.80) (C) (a)

American sycamore

10.98 (0.86) (A) (b)

10.13 (0.58) (A) (b)

9.58 (0.38) (A) (a)

9.11 (0.36) (A) (a)

Black willow

20.01 (0.90) (A) (a)

16.11 (1.43) (B) (a)

10.90 (0.62) (C) (a)

7.99 (0.54) (C) (a)

LMA

Black willow
Narea

PNUE

July

Aug

Sep

Oct

Sample size (n) was 18 for each species measured in July, August, September, and October 2020. Different letters indicate statistically
significant differences (P-value < 0.05) in which capital letters (in parentheses) represent statistical significance across four months,
and lower case letters (in parentheses) represent statistical significance across three species. For each physiological parameter, P-value
was less than 0.05 for month effect, species effect, and month and species interaction effect in all linear mixed effects models, except
0.43 for interaction effect in leaf C and 0.31 for species effect in LMA.
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Anet = Net photosynthetic assimilation rate (µmol/m2/s)
gs = Stomatal conductance (mol/m2/s)
E = Transpiration (mmol/m2/s)
WUEinst. = Instantaneous water use efficiency (µmol/mmol)
iWUEinst. = Instantaneous intrinsic water use efficiency (µmol/mol)
Leaf C = Leaf carbon concentration (%)
Leaf N = Leaf nitrogen concentration (%)
C/N = Leaf C/N ratio
δ13C = Leaf isotopic ratio (‰)
Δ = Leaf isotopic discrimination (‰)
iWUEiso. = Intrinsic water use efficiency based on carbon isotope discrimination (µmol/mol)
LMA = Leaf mass per area (g/m2)
Narea = Nitrogen per unit leaf area (g/m2)
PNUE = Photosynthetic nitrogen use efficiency (µmol/g/s)
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Figure 3.6

Rubisco-limited carboxylation rate (Vcmax), electron-transport limited carboxylation
rate (Jmax), triose phosphate-limited carboxylation rate (TPU), mesophyll
conductance (gm), and daytime respiration rate (Rday) of eastern cottonwood,
American sycamore, and black willow at the Sidon site.

Horizontal bar within the box represents the median, and the dot represents the mean. Different
letters indicate statistically significant differences (P-value < 0.05).
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3.3.1.2

Satartia
In Satartia, when comparing across three species, statistically significant differences were

observed in Anet, gs, E, WUEinst., iWUEinst., leaf C, leaf N, leaf C/N ratio, LMA, and PNUE; but
there was no difference in δ13C, Δ, iWUEiso, and Narea (Figure 3.7). For Anet, both American
sycamore (14.48 µmol/m2/s) and black willow (14.08 µmol/m2/s) were higher than eastern
cottonwood (10.51 µmol/m2/s). For gs, both American sycamore (0.33 mol/m2/s) and black
willow (0.25 mol/m2/s) were higher than eastern cottonwood (0.17 mol/m2/s). For E, both
American sycamore (11.74 mmol/m2/s) and black willow (9.31 mmol/m2/s) were higher than
eastern cottonwood (6.70 mmol/m2/s). Therefore, eastern cottonwood had significantly lower
Anet, gs, and E than American sycamore and black willow (Figure 3.7).
For WUEinst., eastern cottonwood was 23% higher than American sycamore. For
iWUEinst., eastern cottonwood was 29% higher than American sycamore. For PNUE, black
willow was 24% higher than eastern cottonwood. Therefore, eastern cottonwood was more water
use efficient than American sycamore, and black willow was more nitrogen use efficient than
eastern cottonwood (Figure 3.7).
For LMA, eastern cottonwood was 21% higher than black willow. For leaf C, both
American sycamore (45.09%) and black willow (45.40%) had higher concentrations than eastern
cottonwood (42.47%). For leaf N, both American sycamore (1.48%) and black willow (1.57%)
also had higher concentrations than eastern cottonwood (1.21%). For leaf C/N ratio, eastern
cottonwood (36.32) was higher than American sycamore (31.23) and black willow (29.93).
Therefore, eastern cottonwood had the lowest leaf N and C concentrations and the highest leaf
C/N ratio (Figure 3.7).
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Figure 3.7

Bar graphs showing physiological parameters of eastern cottonwood, American
sycamore, and black willow at the Satartia site.

Sample size (n) was 36 for eastern cottonwood, 12 for American sycamore, and 12 for black
willow, respectively, and all these measurements were conducted in August and September
2021.
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3.3.2
3.3.2.1

Sidon: Correlations among physiological parameters
Sidon: Correlation matrix for all data
Table 3.2 showed the results of correlation analysis that used the combined data of three

species in Sidon. Anet was correlated with many physiological parameters, except WUEinst., leaf C
concentration, and LMA. Leaf C concentration was positively correlated with only iWUEiso..
Except leaf C concentration and LMA, gs was positively related with E, leaf N, Narea, and PNUE,
and a negative relationship with all water use efficiency parameters (WUEinst., iWUEiso., and
iWUEinst.), and leaf C/N ratio. Leaf N concentration and leaf C/N ratio were correlated with other
physiological parameters but not with iWUEinst., iWUEiso., leaf C concentration, and LMA.
Except leaf C, Narea was correlated with all other parameters. PNUE was negatively associated
with all water use efficiency parameters. LMA was negatively correlated with E.
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Table 3.2

Pearson correlation coefficient (r) matrix among physiological parameters for combined data of eastern cottonwood,
American sycamore, and black willow at the Sidon site.
Anet

Anet

gs

E

WUEinst

iWUEinst.

iWUEiso

Leaf C

Leaf N

C/N

LMA

Narea

PNUE

1

gs

0.65

1

E

0.49

0.67

1

WUEinst.

0.10

-0.31

-0.72

1

iWUEinst.

-0.44

-0.84

-0.57

0.35

1

iWUEiso.

-0.39

-0.64

-0.70

0.50

0.56

1

Leaf C

-0.03

-0.003

-0.03

0.06

0.08

0.14

1

Leaf N

0.49

0.25

-0.20

0.57

-0.09

0.13

0.11

1

C/N

-0.53

-0.27

0.14

-0.55

0.13

-0.03

-0.02

-0.92

1

LMA

-0.06

0.02

-0.23

0.20

-0.09

0.18

-0.12

0.05

-0.03

1

Narea

0.30

0.21

-0.28

0.52

-0.16

0.18

-0.03

0.73

-0.66

0.70

1

PNUE

0.33

0.29

0.72

-0.54

-0.25

-0.53

-0.05

-0.44

0.36

-0.58

-0.67

Significant correlations (P-value < 0.05) are bolded.
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3.3.2.2

Sidon: Correlation matrix for eastern cottonwood
In eastern cottonwood planted in Sidon, Narea was correlated with all physiological

parameters, except Anet (Table 3.3). PNUE was also correlated with all physiological parameters,
except gs and iWUEinst.. In particular, PNUE was negatively correlated with WUEinst. and
iWUEiso. but not with iWUEinst.. Anet was also correlated with many physiological parameters,
except leaf C concentration, LMA, and Narea. Leaf C concentration was significantly correlated
with WUEinst., iWUEiso, leaf N, C/N, Narea, and PNUE. Except WUEinst., leaf C concentration,
LMA, and PNUE, gs was significantly correlated with other physiological parameters. Leaf N
concentration and leaf C/N ratio had significant relationships with other physiological
parameters but not with E, iWUEinst., iWUEiso., leaf C concentration, and LMA. LMA was
negatively associated with E.
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Table 3.3

Pearson correlation coefficient (r) matrix among physiological parameters for eastern cottonwood at the Sidon site.
Anet

Anet

gs

E

WUEinst

iWUEinst.

iWUEiso

Leaf C

Leaf N

C/N

LMA

Narea

PNUE

1

gs

0.76

1

E

0.56

0.55

1

WUEinst.

0.26

0.08

-0.61

1

iWUEinst.

-0.49

-0.80

-0.43

0.00

1

iWUEiso.

-0.37

-0.33

-0.53

0.29

0.26

1

Leaf C

0.08

0.06

-0.14

0.24

0.15

0.28

1

Leaf N

0.47

0.47

-0.20

0.68

-0.21

0.20

0.47

1

C/N

-0.50

-0.43

0.21

-0.70

0.19

-0.20

-0.35

-0.94

1

LMA

-0.18

-0.04

-0.43

0.38

-0.19

0.43

-0.04

0.14

-0.17

1

Narea

0.13

0.25

-0.42

0.66

-0.27

0.44

0.27

0.70

-0.68

0.80

1

PNUE

0.30

0.16

0.76

-0.59

-0.12

-0.54

-0.24

-0.52

0.50

-0.68

-0.79

Significant correlations (P-value < 0.05) are bolded.
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3.3.2.3

Sidon: Correlation matrix for American sycamore
In American sycamore planted in Sidon, Narea was correlated with all physiological

parameters, except E (Table 3.4). Anet was correlated with gs, E, WUEinst, iWUEinst., leaf N, leaf
C/N ratio, and Narea. gs was correlated with E, WUEinst, iWUEinst., iWUEiso., leaf N, leaf C/N ratio,
and Narea. E was correlated with WUEinst, iWUEinst., iWUEiso., and PNUE. Leaf C concentration
was correlated with WUEinst, iWUEiso., leaf N, leaf C/N ratio, Narea, and PNUE. LMA was
correlated with E, WUEinst., iWUEiso., Narea, and PNUE. Like eastern cottonwood (Table 3.3) and
black willow (Table 3.5), PNUE was negatively correlated with WUEinst. and iWUEiso., but not
with iWUEinst.; however, LMA was not correlated with E, which was different from the other
two species.
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Table 3.4

Pearson correlation coefficient (r) matrix among physiological parameters for American sycamore at the Sidon site.
Anet

Anet

gs

E

WUEinst

iWUEinst.

iWUEiso

Leaf C

Leaf N

C/N

LMA

Narea

PNUE

1

gs

0.77

1

E

0.36

0.46

1

WUEinst.

0.46

0.25

-0.62

1

iWUEinst.

-0.44

-0.86

-0.46

-0.02

1

iWUEiso.

-0.14

-0.28

-0.30

0.12

0.45

1

Leaf C

0.17

0.05

-0.05

0.16

0.10

0.46

1

Leaf N

0.74

0.62

0.01

0.56

-0.35

0.04

0.44

1

C/N

-0.75

-0.60

0.03

-0.62

0.34

0.02

-0.32

-0.95

1

LMA

-0.03

-0.07

-0.05

-0.01

0.19

0.39

-0.09

-0.29

0.28

1

Narea

0.74

0.61

0.01

0.55

-0.29

0.24

0.37

0.83

-0.80

0.27

1

PNUE

0.05

0.02

0.47

-0.34

-0.18

-0.56

-0.42

-0.39

0.35

-0.41

-0.58

Significant correlations (P-value < 0.05) are bolded.

106

1

3.3.2.4

Sidon: Correlation matrix for black willow
In black willow planted in Sidon, E was correlated with all physiological parameters,

with positive relationships with Anet, E, C/N ratio, and PNUE and with negative relationships
with all three water use efficiency parameters, leaf C, leaf N, LMA, and Narea (Table 3.5).
WUEinst. was correlated with many parameters, except Anet and LMA. Anet was correlated with
only E and PNUE. gs was correlated with E, WUEinst, iWUEinst., and iWUEiso.. Leaf C
concentration was correlated with E, WUEinst, iWUEiso., leaf N, leaf C/N ratio. Narea was
correlated with E, WUEinst., iWUEiso., leaf N, leaf C/N ratio, and LMA. LMA was correlated with
E, Narea , and PNUE. Like eastern cottonwood and American sycamore, PNUE was negatively
correlated with WUEinst. and iWUEiso. but not with iWUEinst.. LMA and Narea were negatively
associated with E, which was also observed in eastern cottonwood but not in American
sycamore.
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Table 3.5

Pearson correlation coefficient (r) matrix among physiological parameters for black willow at the Sidon site.
Anet

Anet

gs

E

WUEinst

iWUEinst.

iWUEiso

Leaf C

Leaf N

C/N

LMA

Narea

PNUE

1

gs

0.23

1

E

0.36

0.56

1

WUEinst.

0.01

-0.61

-0.85

1

iWUEinst.

-0.06

-0.87

-0.55

0.75

1

iWUEiso.

0.14

-0.60

-0.67

0.80

0.66

1

Leaf C

0.07

-0.13

-0.28

0.36

0.20

0.43

1

Leaf N

0.11

-0.17

-0.53

0.64

0.32

0.67

0.39

1

C/N

-0.11

0.15

0.53

-0.64

-0.32

-0.61

-0.30

-0.96

1

LMA

0.03

0.12

-0.24

0.14

-0.16

-0.01

-0.14

0.04

-0.07

1

Narea

0.08

0.02

-0.48

0.47

0.04

0.34

0.08

0.62

-0.63

0.79

1

PNUE

0.39

0.16

0.68

-0.49

-0.16

-0.35

-0.16

-0.57

0.58

-0.62

-0.80

Significant correlations (P-value < 0.05) are bolded.
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3.3.3
3.3.3.1

Satartia: Correlations among physiological parameters
Satartia: Correlation matrix for all data
In Satartia (Table 3.6), PNUE was not correlated with water use efficiency parameters;

LMA was not correlated with E; and Narea was not correlated with gs, and these results were
different from Sidon. In Satartia, Narea was correlated with all physiological parameters, except gs
and leaf C. Anet was positively correlated with gs, E, WUEinst., leaf N, Narea, and PNUE, and
negatively with leaf C/N. gs was positively correlated with E and PNUE, and negatively with
iWUEinst., and leaf C/N. E was negatively correlated with WUEinst., iWUEinst., leaf C/N, and
positively correlated with leaf N, Narea, and PNUE. Leaf C was positively correlated with
iWUEinst., leaf N, and negatively correlated with leaf C/N ratio and LMA. Leaf C/N was
positively correlated with LMA, and negatively with Anet, gs, E, and iWUEiso.
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Table 3.6

Pearson correlation coefficient (r) matrix among physiological parameters for combined data of eastern cottonwood,
American sycamore, and black willow at the Satartia site.
Anet

Anet

gs

E

WUEinst

iWUEinst.

iWUEiso

Leaf C

Leaf N

C/N

LMA

Narea

PNUE

1

gs

0.76

1

E

0.77

0.87

1

WUEinst.

0.30

-0.19

-0.32

1

iWUEinst.

0.09

-0.49

-0.37

0.81

1

iWUEiso.

0.05

-0.13

-0.17

0.42

0.40

1

Leaf C

0.16

0.19

0.21

0.01

0.03

0.30

1

Leaf N

0.37

0.25

0.36

0.05

0.13

0.34

0.53

1

C/N

-0.44

-0.29

-0.39

-0.10

-0.17

-0.29

-0.34

-0.95

1

LMA

0.08

-0.10

-0.11

0.30

0.26

0.14

-0.28

-0.48

0.44

1

Narea

0.46

0.18

0.26

0.35

0.37

0.42

0.19

0.42

-0.44

0.58

1

PNUE

0.83

0.70

0.66

0.20

-0.03

-0.16

0.06

0.15

-0.22

-0.25

-0.09

Significant correlations (P-value < 0.05) are bolded.

110

1

3.3.3.2

Satartia: Correlation matrix for eastern cottonwood
In eastern cottonwood planted in Satartia, Anet was positively correlated with gs, E,

WUEinst., leaf N, Narea, PNUE, and negatively with leaf C/N ratio (Table 3.7). gs was positively
correlated with E and PNUE, and negatively leaf C. E was negatively correlated with leaf C/N
ratio and positively with PNUE. In terms of resource use efficiency, PNUE is positively
correlated with WUEinst. only. Leaf C was positively associated with iWUEinst. and negatively
with gs. Leaf C/N ratio was negatively correlated with Anet, E, leaf N, and Narea. LMA was
positively correlated with iWUEiso. and Narea, and negatively with leaf N. Unlike Sidon, LMA
was not correlated with E, and PNUE was not correlated with iWUEiso. in Satartia.
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Table 3.7

Pearson correlation coefficient (r) matrix among physiological parameters for eastern cottonwood at the Satartia site.
Anet

Anet

gs

E

WUEinst

iWUEinst.

iWUEiso

Leaf C

Leaf N

C/N

LMA

Narea

PNUE

1

gs

0.80

1

E

0.77

0.91

1

WUEinst.

0.47

-0.05

-0.15

1

iWUEinst.

0.26

-0.33

-0.23

0.85

1

iWUEiso.

0.29

-0.13

-0.11

0.64

0.66

1

Leaf C

-0.19

-0.35

-0.31

0.26

0.36

0.26

1

Leaf N

0.36

0.19

0.27

0.23

0.30

0.24

0.26

1

C/N

-0.47

-0.28

-0.36

-0.26

-0.31

-0.24

-0.04

-0.96

1

LMA

0.27

0.06

0.10

0.27

0.30

0.36

0.06

-0.35

0.32

1

Narea

0.54

0.20

0.31

0.44

0.51

0.52

0.22

0.36

-0.37

0.74

1

PNUE

0.78

0.73

0.64

0.34

0.05

0.04

-0.32

0.20

-0.31

-0.22

-0.07

Significant correlations (P-value < 0.05) are bolded.
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3.3.3.3

Satartia: Correlation matrix for American sycamore
In American sycamore planted in Satartia, Anet was positively correlated with E, WUEinst.,

iWUEinst., and PNUE. gs was positively correlated with E and PNUE. E was positively correlated
with PNUE only (Table 3.8). LMA was not correlated with any other physiological parameters.
PNUE was positively associated with Anet, gs, and E, and PNUE was not associated with any
water use efficiency parameters. Leaf C was not correlated with any other physiological
parameters. Narea was positively correlated with iWUEinst.. Unlike Sidon, PNUE was not
correlated with any water use efficiency parameters in Satartia.
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Table 3.8

Pearson correlation coefficient (r) matrix among physiological parameters for American sycamore at the Satartia site.
Anet

Anet

gs

E

WUEinst

iWUEinst.

iWUEiso

Leaf C

Leaf N

C/N

LMA

Narea

PNUE

1

gs

0.45

1

E

0.61

0.94

1

WUEinst.

0.77

-0.15

-0.02

1

iWUEinst.

0.63

-0.39

-0.18

0.93

1

iWUEiso.

-0.11

-0.13

-0.15

-0.09

-0.09

1

Leaf C

0.05

0.27

0.24

-0.13

-0.22

0.09

1

Leaf N

0.37

-0.03

0.10

0.34

0.41

0.32

-0.23

1

C/N

-0.32

0.04

-0.10

-0.30

-0.38

-0.27

0.30

-0.99

1

LMA

0.02

-0.52

-0.43

0.38

0.49

0.12

0.19

-0.15

0.19

1

Narea

0.37

-0.22

-0.05

0.48

0.59

0.34

-0.14

0.93

-0.90

0.23

1

PNUE

0.74

0.59

0.65

0.42

0.23

-0.36

0.14

-0.31

0.33

-0.11

-0.34

Significant correlations (P-value < 0.05) are bolded.
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3.3.3.4

Satartia: Correlation matrix for black willow
In black willow planted in Satartia, Anet was positively correlated with gs, E, and PNUE

(Table 3.9). gs was positively correlated with Anet and PNUE, and negatively with iWUEinst.. E
was negatively correlated with iWUEiso. and leaf C, and positively with PNUE. PNUE was
negatively correlated with iWUEiso. only. Leaf C was positively correlated with iWUEiso., and
negatively with E and PNUE. LMA and Narea were not correlated with any other physiological
parameters. Unlike Sidon, LMA was not correlated with E, and PNUE was not correlated with
WUEinst. in Satartia.
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Table 3.9

Pearson correlation coefficient (r) matrix among physiological parameters for black willow at the Satartia site.
Anet

Anet

gs

E

WUEinst

iWUEinst.

iWUEiso

Leaf C

Leaf N

C/N

LMA

Narea

PNUE

1

gs

0.76

1

E

0.70

0.57

1

WUEinst.

0.31

0.13

-0.42

1

iWUEinst.

0.00

-0.60

-0.22

0.40

1

iWUEiso.

-0.50

-0.50

-0.74

0.44

0.38

1

Leaf C

-0.51

-0.56

-0.71

0.37

0.38

0.75

1

Leaf N

-0.28

-0.34

-0.16

0.02

0.32

0.62

0.46

1

C/N

0.21

0.25

0.03

0.05

-0.25

-0.51

-0.38

-0.99

1

LMA

0.43

0.45

0.27

0.27

-0.27

-0.30

-0.29

-0.53

0.53

1

Narea

0.21

0.17

0.20

0.27

0.01

0.23

0.13

0.40

-0.42

0.55

1

PNUE

0.89

0.64

0.59

0.19

0.03

-0.59

-0.58

-0.48

0.42

0.20

-0.25

Significant correlations (P-value < 0.05) are bolded.
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3.3.4

Leaf stomatal conductance vs. leaf temperature and leaf VPD

3.3.4.1

Sidon
Leaf stomatal conductance (gs) was negatively correlated with leaf temperature in eastern

cottonwood and American sycamore, but there was no signficant relationship in black willow
(Figure 3.8. (a)). In all three species, there was a significant negative relationship between leaf
stomatal conductance and leaf VPD (Figure 3.8. (b)). The slopes of the relationships between gs
and leaf temperature as well as gs and leaf VPD were not statistically different among the three
species (Figure 3.8. (a) and (b)).

Figure 3.8

Leaf stomatal conductance (gs) vs. (a) leaf temperature for eastern cottonwood (𝑦̂ =
0.966 – 0.016x; R2 = 0.11), American sycamore (𝑦̂ = 0.709 – 0.014x; R2 = 0.35),
and black willow (P-value = 0.37), and (b) leaf VPD for eastern cottonwood (𝑦̂ =
0.893 – 0.251x; R2 = 0.45), American sycamore (𝑦̂ = 0.540 – 0.139x; R2 = 0.52),
and black willow (𝑦̂ = 1.050 – 0.235x; R2 = 0.16).

Solid lines represent significant relationships (slope P-value < 0.05), and dotted lines represent
non-significant relationships (slope P-value > 0.05) between the parameters for each species.
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3.3.4.2

Satartia
In all three species, there was no significant relationship between gs and leaf temperature

(Figure 3.9. (a)). In all three species, gs was negatively correlated with leaf VPD (Figure 3.9.
(b)). The slopes of the relationships between gs and leaf temperature as well as gs and leaf VPD
were not statistically different across three species (Figure 3.9. (a) and (b)).

Figure 3.9

Leaf stomatal conductance (gs) vs. (a) leaf temperature for eastern cottonwood (Pvalue = 0.63), American sycamore (P-value = 0.82), and black willow (P-value =
0.46), and (b) leaf VPD for eastern cottonwood (𝑦̂ = 0.399 – 0.055x; R2 = 0.15),
American sycamore (𝑦̂ = 0.899 – 0.145x; R2 = 0.35), and black willow (𝑦̂ = 0.546
– 0.073x; R2 = 0.37).

Solid lines represent significant relationships (slope P-value < 0.05), and dotted lines represent
non-significant relationships (slope P-value > 0.05) between the parameters for each species.
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3.3.5

Tree volume and physiological parameters
Black willow (4604 ± 1190 cm3) had the highest tree volume, followed by eastern

cottonwood planted in 2018 (437 ± 105 cm3), eastern cottonwood planted in 2020 (108 ± 22
cm3), and American sycamore (33 ± 6 cm3) (Figure 3.10). When determining the relationship
with physiological parameters, the results showed that tree volume was statistically correlated
with gs (R2 = 0.678 and P-value = 0.04) and E (R2 = 0.700 and P-value = 0.04) in American
sycamore (Table 3.10). Tree volume was also correlated with Narea (R2 = 0.407 and P-value =
0.004) and PNUE (R2 = 0.267 and P-value = 0.03) in black willow (Table 3.10).

Figure 3.10

Tree volume of eastern cottonwood, American sycamore, and black willow at the
Sidon site.
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Table 3.10

Linear relationships between physiological parameters and tree volume across
three species at the Sidon site.
Tree volume (cm3)
Eastern

American

Black

cottonwood

sycamore

willow

Parameter

R2

P-value

R2

P-value

R2

P-value

Anet

0.010

0.76

0.438

0.15

0.002

0.86

gs

0.018

0.68

0.678

0.04

0.186

0.07

E

0.001

0.91

0.700

0.04

0.161

0.10

WUEinst.

0.002

0.90

0.383

0.19

0.115

0.17

iWUEinst.

0.073

0.40

0.588

0.08

0.152

0.11

δ13C

0.007

0.80

0.090

0.56

0.134

0.14

Δ

0.007

0.80

0.090

0.56

0.134

0.14

iWUEiso.

0.007

0.80

0.090

0.56

0.134

0.14

Leaf C

0.075

0.39

0.124

0.49

0.071

0.29

Leaf N

0.224

0.12

0.492

0.12

0.106

0.19

Leaf C/N

0.320

0.055

0.572

0.08

0.128

0.15

LMA

0.007

0.79

0.006

0.88

0.158

0.10

Narea

0.074

0.39

0.360

0.21

0.407

0.004

PNUE

0.159

0.20

0.292

0.27

0.267

0.03

Vcmax

0.038

0.71

0.200

0.37

0.009

0.86
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Table 3.10 (continued)
Tree volume (cm3)
Eastern

American

Black

cottonwood

sycamore

willow

Parameter

R2

P-value

R2

P-value

R2

P-value

Jmax

0.017

0.80

0.592

0.07

0.182

0.40

TPU

0.029

0.75

0.595

0.07

0.190

0.39

Rd

0.114

0.51

0.327

0.24

0.024

0.77

gm

0.154

0.44

0.314

0.25

0.147

0.45

Significant relationships (P-value < 0.05) are bolded.
3.4
3.4.1
3.4.1.1

Discussion
Physiological responses across species
Sidon
Black willow had the highest PNUE in July and August, while there was no difference in

PNUE in September and October among three species (Figure 3.5 and Table 3.1). In spite of
being efficient in nutrient use, black willow was generally the least water use efficient species
possibly due to their higher rates of transpiration (Persson and Lindroth 1994), and water
availability was possibly a major factor for black willow under short rotation management
(Hofmann-Schielle et al. 1999). Furthermore, in black willow, E was significantly correlated
with all physiological parameters, with positive correlations with Anet, C/N ratio, and PNUE and
with negative correlations with water use efficiency parameters (WUEinst., iWUEiso., and
iWUEinst.), leaf C, leaf N, LMA, and Narea (Table 3.5). To maximize growth rate, black willow
actively conducted gas exchange due to its relatively higher values in Anet, E, and gs than the
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other two species (Figure 3.5 and Table 3.1). On the other hand, statistical analyses indicated that
tree volume of black willow had a positive linear relationship with nutrient-related parameters,
such as PNUE and Narea (Table 3.10). PNUE was also negatively associated with WUEinst. and
iWUEiso., and Narea was positively associated with these water use efficiency parameters (Table
3.3). A previous study about biomass and nutrient removal of willow bioenergy plantations in
New York state recommended a long harvesting cycle and fertilizer applications to increase the
nutrient use efficiency of willow genotypes (Adegbidi et al. 2001). Furthermore, it was suggested
that willow genotypes could be intensively managed under short rotation to minimize nutrient
runoff from agricultural fields due to their high use of nutrients for growth (Adegbidi et al.
2001).
American sycamore had the lowest values in gas exchange parameters – Anet, gs, and E
(Figure 3.5 and Table 3.1). On the flip side, American sycamore was generally the most water
use efficient among the three species (Figure 3.5 and Table 3.1). In terms of nutrient content and
nutrient use, American sycamore was relatively lower in leaf N, Narea, and PNUE than eastern
cottonwood and black willow (Figure 3.5 and Table 3.1). In terms of correlation, Narea was
correlated with all physiological parameters, except transpiration. Specifically, Narea was
positively correlated with Anet, gs, WUEinst., iWUEiso., leaf C, leaf N, and LMA, and negatively
correlated with iWUEinst., leaf C/N ratio, and PNUE (Table 3.4). Taken all together, lower values
in gas exchange parameters (Anet, gs, and E) coupled with relatively lower nutrient-related
parameters (leaf N, Narea, and PNUE) (Figure 3.5 and Table 3.1) justified the reasons why
American sycamore had the slowest growth rate among the three species. In a riparian floodplain
with a high water table (Figure 3.2), water availability to the plants might not likely be a major
constraint. On the other hand, results showed that tree volume of American sycamore was
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positively correlated with water-related parameters, such as gs and E (Table 3.10). American
sycamore was more efficient in water use, especially if compared to black willow (Figure 3.5
and Table 3.1). On the other hand, American sycamore was lower in gs and E than black willow
(Figure 3.5 and Table 3.1).
In eastern cottonwood, there was no significant correlation between tree volume and
physiological parameters (Table 3.10). In general, eastern cottonwood was higher in Anet than
American sycamore (Figure 3.5 and Table 3.1). In addition, gas exchange parameters (Anet, gs,
and E) between eastern cottonwood and black willow were comparable, except for mesophyll
conductance (gm) in which eastern cottonwood was higher (Figure 3.6), and both eastern
cottonwood and black willow were higher than American sycamore. In eastern cottonwood, Narea
was significantly associated with all physiological parameters, except Anet (Table 3.3). Eastern
cottonwood was more water use efficient than black willow (Figure 3.5 and Table 3.1). On the
other hand, black willow was more efficient in photosynthetic nitrogen use, while eastern
cottonwood mostly contained more Narea than black willow (Figure 3.5 and Table 3.1).
Therefore, selected SRWCs used different physiological strategies for their growth, and
significant differences were mainly observed between black willow and American sycamore. On
the other hand, all species showed similar seasonal trends in physiological mechanisms, e.g.,
there were decreasing trends in PNUE when the growing season continued (Figure 3.5). In
September, there was a significant decrease in gas exchange parameters, such as Anet, gs, and E
(Figure 3.5). This could be due to more stresses associated with drier conditions of the LMAV
region in September, and this possibly affected the physiological mechanisms of all species.
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3.4.1.2

Satartia
At the Satartia site, American sycamore and black willow had higher gas exchange

parameters, such as Anet, gs, and E than eastern cottonwood (Figure 3.7). Even though there was
no measured data for tree height and diameter, visual observation distinctly showed that
American sycamore had the best growth performance among three species. Even though gas
exchange and physiological parameters were measured in different years, Sidon had significantly
higher Anet than Satartia (Figure 3.5 and Figure 3.7). Alongside contrasting physiological
responses among the three species, the differences in gas exchange rates and growth performance
when comparing the same species at different sites could be due to (1) differences in site
characteristics e.g., Sidon was more flooded and had higher water table than Satartia (Figure
3.2), and thus, Satartia likely had more soil water stress conditions, (2) differences in planting
dates – in Sidon, planting was completed during the growing season in June for eastern
cottonwood and black willow cuttings and during the dormant season in November for American
sycamore seedlings, whereas all three species were planted together during the dormant season in
December 2020 in Satartia, (3) differences in quality of cuttings, particularly for eastern
cottonwood cuttings that were stored for a long time before planting out in the field in Satartia,
which could possibly affect the growth performance, especially during initial years of tree
growth, and (4) resistance to insect and disease e.g., in Satartia, visual evidence of insect attacks
was observed in eastern cottonwood, whereas there was no such defects observed in American
sycamore.
3.4.2

Relationship between leaf environmental parameters and stomatal conductance
At the Sidon site, stomatal conductance of black willow was not temperature dependent.

However, in eastern cottonwood and American sycamore, stomatal conductance had a negative
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relationship with leaf temperature (Figure 3.8 (a)), which was divergent from the findings of
Urban et al. (2017a) and Urban et al. (2017b). Urban et al. (2017a) found that stomatal
conductance increased by 42% in poplar (Populus deltoides × nigra) when leaf temperature
increased from 30°C to 40°C at a constant vapor pressure deficit of 1 kPa and atmospheric CO2
of 400 μmol/mol. In this study, LMA was not different among the three species in July, August,
and September; however, eastern cottonwood had larger LMA than American sycamore in
October (Figure 3.5 and Table 3.1). Larger LMA indicated that leaves were thicker and had more
weight for a given area because LMA was calculated as the ratio of leaf mass and leaf area, and
thus, larger LMA had smaller leaf area. In this study, eastern cottonwood had 55% higher
stomatal conductance than American sycamore in August and had 31% larger LMA than
American sycamore in October. In July, August, and September, eastern cottonwood had
significantly higher Anet than American sycamore (Figure 3.5 and Table 3.1). This suggested that
higher biomass yield could be associated with the increase in stomatal conductance and the
decrease in both leaf area and leaf temperature (Lu et al. 1994). In this study, eastern cottonwood
and black willow had similar Anet when comparing per unit area measurement. However, black
willow had a larger number of leaves, which contributed to greater leaf area than eastern
cottonwood, and this increased total leaf area for photosynthesis could result in higher biomass
production at the end of the growing season.
At the Sidon site, leaf VPD had a negative relationship with leaf stomatal conductance in
all three species (Figure 3.8. (b)). VPD is one of the key parameters associated with stomatal
responses. Increasing VPD leads to a greater potential of water loss to the atmosphere, and this
can trigger stomata closure to reduce water loss. It has been reported that increasing VPD lowers
stomatal conductance, carbon assimilation rate, and thus, negatively affects plant growth
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(Ocheltree et al. 2014). This study found the same results. In July when leaf VPD inside the
infrared gas analyzer chamber was the highest, black willow had the highest Anet, followed by
eastern cottonwood and American sycamore, and in October when VPD was the lowest, there
was no significant difference in Anet among the three species (Figure 3.5 and Table 3.1). The
other environmental factor was that during the later parts of growing season, particularly
September had drier conditions and the lowest groundwater level in the study site (Figure 3.2).
These could possibly create more water stress conditions, and so, there was no difference in
water-related physiological parameters (e.g., gs, E, WUEinst., and iWUEinst.) among the three
species. Therefore, there were many changes in environmental and biological factors between
July and October, and these differences affected the physiological mechanisms among the three
species.
At the Satartia site, there was no relationship between leaf stomatal conductance and leaf
temperature in all three species (Figure 3.9. (a)). Unlike Sidon, there was only one measurement
for all species in Satartia. Hence, it did not have any replicated measurements to depict the
monthly variations in leaf temperature and VPD at the Satartia site. Even though only a single
measurement was taken, leaf stomatal conductance had a significant negative relationship with
leaf VPD in all three species (Figure 3.9. (b)), and this result was the same as the Sidon site. This
indicated that stomatal conductance of selected SRWCs was more sensitive to changes in leaf
VPD compared to leaf temperature in both study sites.
3.4.3

Relationship between physiological parameters and tree volume
At the Sidon site, black willow had the highest tree volume, followed by eastern

cottonwood planted in 2018, eastern cottonwood planted in 2020, and American sycamore
(Figure 3.10). This result suggests that the most flood tolerant SRWC species tends to be the
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most productive in biomass yield in a riparian floodplain. In general, Populus species were
comparable with, or even higher than, Salix species in biomass productivity (Cobb et al. 2008;
Dipesh et al. 2015; Ile et al. 2021); however, for unique site conditions like riparian floodplain of
the LMAV, the ability to tolerate high and prolonged flooding could be the main determinant in
causing differences in growth performance among the selected species. The results of Chapter 2
clearly indicated that black willow had a higher tolerance threshold to flood depth than eastern
cottonwood, and the survival of black willow was not significantly affected by flood duration,
whereas eastern cottonwood was vulnerable to the extended flooding period during the growing
season. American sycamore was the least flood tolerant due to its poor adaptation to prolonged
flooding (Tang and Kozlowski 1982), and consequently, it had the lowest biomass production.
The other possible reason of having lower biomass yield was that American sycamore was
planted later than black willow. On the other hand, black willow had faster height growth during
the growing season while the site was not flooded. Exactly like tree volume, black willow (223 ±
15 cm) had the highest tree height growth, followed by eastern cottonwood planted in 2018 (127
± 16 cm), eastern cottonwood planted in 2020 (87 ± 5 cm), and American sycamore (66 ± 3 cm).
In American sycamore, tree volume had significant positive relationships with only two
gas exchange parameters – stomatal conductance and transpiration rate. In American sycamore,
stomatal conductance was also positively correlated with transpiration rate (Table 3.4). In black
willow, tree volume was positively correlated with nutrient-associated parameters – nitrogen per
unit leaf area (Narea; R2 = 0.41 and P-value = 0.004) and photosynthetic nitrogen use efficiency
(PNUE; R2 = 0.27 and P-value = 0.03) (Table 3.10). Black willow was the most photosynthetic
nitrogen use efficient among the three species, but it had lower Narea than eastern cottonwood
(Figure 3.5 and Table 3.1). More importantly, both Anet and E had significant positive
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relationships with PNUE (Table 3.5). These relationships suggested that black willow had the
best growth performance potentially due to their superior efficiency in nitrogen use per unit of
net C assimilation even though it had lower Narea than eastern cottonwood (Figure 3.5 and Table
3.1). In eastern cottonwood, there was no significant relationship between physiological
parameters and tree volume (Table 3.10). Therefore, biomass productivity in American sycamore
was driven by water availability parameters; black willow was driven by nitrogen availability
parameters; and eastern cottonwood was not affected by either factor.
3.5

Conclusion
At the Sidon site, black willow had the most promising growth performance. To

maximize growth rate, black willow was very active in gas exchange, particularly net
photosynthetic assimilation rate, transpiration rate, and stomatal conductance, and these could
contribute to the high use of water associated with elevated transpiration. Even though it was the
least efficient in water use, black willow used nutrients very efficiently. Contrary to black
willow, American sycamore had the lowest gas exchange rate, but was the most water use
efficient species. Compared to eastern cottonwood and black willow, American sycamore was
relatively lower in nutrient content and nutrient use, such as leaf N, Narea, and PNUE. In total,
these findings suggested that the fastest growing species might not be very efficient in water use,
but interestingly, black willow efficiently used N for photosynthesis. Understanding these
differences in physiological strategies provides insight about the use of optimal species for the
selected site for SRWCs plantation establishment in the LMAV region. In the riparian
floodplain, abundant water availability and agricultural nutrient runoff potentially offset the high
water use and nutrient requirement of black willow and provide the conditions in favor of its
rapid height growth during each growing season before flooding starts.
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CHAPTER IV
ASSESSING NUTRIENT MITIGATION POTENTIAL OF SHORT ROTATON WOODY
CROPS IN THE LOWER MISSISSIPPI ALLUVIAL VALLEY
4.1

Introduction
The three main reasons causing nutrient export to the Gulf of Mexico are (1) increased

fertilization, (2) increased runoff across the Mississippi River Basin, and (3) proliferation of
soybean agriculture (Donner et al. 2004). The Mississippi River Basin consists of watersheds of
the Mississippi, Ohio, and Missouri Rivers encompassing 41% of the contiguous U.S., which
contributes 90% of the freshwater inflow to the Gulf of Mexico (Rabalais et al. 1996).
Agricultural activities in the Mississippi and Atchafalaya River watersheds are responsible for
more than 70% of nitrogen and phosphorus exports to the Gulf of Mexico (Alexander et al.
2008). Corn and soybean production are the major nitrogen contributors (52%), and phosphorus
primarily comes from animal manure on pasture and rangelands (37%), followed by corn and
soybean production (25%) (Alexander et al. 2008). Even though nitrogen is a limiting nutrient
for plant growth, application of N fertilizers to maximize agricultural productivity can cause
agricultural runoff in agricultural watersheds, such as leaching of nitrate (NO3-N) from
agricultural soil into the river system. For example, the Mississippi River has been receiving
enormous NO3-N loading, mainly derived from agricultural fertilization over the past 100 years
(Hurst et al. 2016; Mitsch and Day Jr. 2006). An increase in nutrient concentrations in the
surface water of the Mississippi River can cause water quality issues in its connected aquatic
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ecosystems, such as coastal eutrophication, enlargement of algae blooms and seasonal hypoxic
(i.e., oxygen-deficient) zones in the Gulf of Mexico (Alexander et al. 2000; Diaz and Rosenberg
1995; Rabalais et al. 1996; Turner and Rabalais 1991; Vitousek et al. 1997). Accumulation of
nutrients in surface water fosters the growth of algae, and these algae eventually extend and
block sunlight penetration that is needed for photosynthesis of aquatic plants for releasing
oxygen. More importantly, when algae die off and decompose by bacteria, it consumes oxygen,
resulting in lower oxygen concentrations in the water and creates hypoxic zones where some
aquatic life cannot live. Therefore, it is critically important to address this water quality issue
extensively observed in the Gulf of Mexico.
The Lower Mississippi Alluvial Valley (LMAV) (Figure 1.1. shown in Chapter 1) is
mainly responsible for the increase in nutrient exports to the Gulf of Mexico because the LMAV
is a N hotspot due to its high N runoff associated with agricultural fertilization (Alexander et al.
2000). In particular, the intensively fertilized lands adjacent to streams are the most strategic
areas to effectively mitigate N delivery to the Mississippi River (Donner et al. 2004). The
LMAV has marginal agricultural lands with recurrent flooding, seasonally high water tables and
shrink-swell clay soils (Allen et al. 2001; Logan 1916). Such riparian marginal lands may be
suboptimal for conventional agriculture, and therefore, these lands are sometimes abandoned.
However, these marginal lands can potentially be managed by planting short rotation woody
crops (SRWCs) for bioenergy feedstock production and water quality improvement.
Establishment of SRWCs along riparian floodplains of the LMAV can potentially mitigate
agricultural runoff by taking up excess nutrients that are dissolved in surface and groundwater
(Joslin and Schoenholtz 1997; Ranney and Mann 1994; Thornton et al. 1998). Typically, the
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marginal agricultural lands of the LMAV are seasonally flooded. Therefore, the selected SRWCs
should be riparian species that can tolerate frequent inundation and anaerobic soil conditions.
For establishing bioenergy plantations along riparian floodplains of the LMAV, eastern
cottonwood (Populus deltoides W. Bartram ex Marshall), American sycamore (Platanus
occidentalis L.), and black willow (Salix nigra Marshall) can be selected because they have fast
growth, potential for genetic improvement for disease resistance and increased biomass yield,
considerable tolerance to flooding, high rates of nutrient uptake and sediment retention
(Adegbidi et al. 2001; Amlin and Rood 2001; Coleman et al. 2004; Davis and Trettin 2006;
Dickmann 2006; Dipesh et al. 2015; Domec et al. 2017; Rosa et al. 2017; Rousseau et al. 2012;
Schuler et al. 2009). These three species can be intensively managed under short harvesting
cycles with the potential of coppicing for intermediate yields. In the Bioenergy Feedstock
Development Program, eastern cottonwood and American sycamore are classified as “model”
bioenergy crops, and black willow is classified as a “potentially important” bioenergy crop by
the U.S. Department of Energy (Kszos et al. 2000). Moreover, these species have been planted as
SRWCs for biomass feedstock in the LMAV region (Dipesh et al. 2017; Frey et al. 2010; Kline
and Coleman 2010; Rousseau et al. 2012).
In this study, a SRWC plantation was established at the interface between marginal
agricultural land and an oxbow of the Yazoo River, which is a tributary of the Mississippi River.
Eastern cottonwood, American sycamore, and black willow were planted and managed under
short rotation in this study. The hypothesis was that the SRWC plantation would take up excess
nutrients coming from agricultural fields for their growth, thereby improve water quality by
mitigating nutrient concentrations in the groundwater before reaching the oxbow. Given these
contexts, the main objectives of this study were to (1) evaluate the nutrient removal rate of the
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study plantation and identify which nutrients were effectively mitigated before discharge to the
oxbow of Yazoo River, and (2) compare the changes in nutrient concentrations between planted
blocks and the control along the elevational gradient. The results of this study would answer the
question about whether managing the marginal agricultural land by planting SRWCs for
bioenergy was a practically feasible solution for water quality improvement in the LMAV
region.
4.2
4.2.1

Materials and methods
Study area
The study area is adjacent to an oxbow of the Yazoo River and located in Sidon, Leflore

County, MS (90°13'9.86"W, 33°25'5.97"N) (Figure 2.1). The site was previously used for
agriculture with an annual rotation of corn, soybean, or cotton cultivation. Based on
measurements at Greenwood Leflore Airport Station, MS (USW00013978), the study area has an
average annual temperature of 18°C and average annual total rainfall of 1315 mm (NOAA
2021). Seasonally, the study area has average temperatures of 18°C in autumn, 8°C in winter,
18°C in spring, and 27°C in summer, respectively (NOAA 2021). With hydric soil
characteristics, the study area has seasonal flooding, flat terrain (0 to 2%), very high runoff, a
high water table, and somewhat poorly drained Arkabutla and Falaya silt loam soils (Soil Survey
Staff 2020).
4.2.2

Plantation establishment
A field experiment was set up by planting three SRWCs – eastern cottonwood (Populus

deltoides W. Bartram ex Marshall), American sycamore (Platanus occidentalis L.), and black
willow (Salix nigra Marshall). This study plantation was located on a riparian floodplain at the
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interface between a seasonally flooded marginal agricultural land and an oxbow of the Yazoo
River (Figure 3.3 (a) in Chapter 3). Before planting, site preparation was performed, including
disking, subsoiling to a depth of 40 cm, and spraying pre-emergence inhibitors to control
herbaceous competition using a tank mix of Pendulum® 3.3 EC (BASF Corp., Research Triangle
Park, NC, USA) and Goal® 2XL (Dow AgroSciences LLC, Indianapolis, IN, USA). Dormant
unrooted cuttings of eastern cottonwood (41 cm in length) and black willow (36 cm in length)
with a basal diameter of less than 3 cm were obtained from Mississippi State University’s
Department of Forestry Cutting Orchard for planting. The whip forms of both species were
collected from the Cutting Orchard, then cut to size, and graded for uniformity and straightness.
Prior to planting, cuttings were soaked for one day in a solution of Admire® Pro Systemic
Protectant (imidacloprid) (Bayer CropScience LP, Research Triangle Park, NC, USA: 11.6 to
17.5 fluid ounces of Admire® Pro per 100 gallons of water) to protect from insect attack during
the early establishment period. The soaked cuttings were stored inside thick polyethylene bags at
-2° C until planting.
On June 20, 2018, unrooted cuttings of 150 eastern cottonwood (including six genotypes:
110312, 110412, 6-4, 25-2, 80-2 and ST75) and 150 black willow (including five genotypes:
MNAT 4-1, MNAT 4-2, MVIC 4-3, MVIC 5-2 and MVIC 5-7) were planted at 1.8 m by 2.7 m
(6 ft. × 9 ft.) spacing (Table 4.1 and Figure 4.1). The open-pollinated families of 150
containerized American sycamore seedlings (families A, B, and C) were planted on November 5,
2019 (Table 4.1). Due to high mortality caused by a severe flooding during 2019-2020, unrooted
cuttings of 150 eastern cottonwood (including three genotypes: 110412, S7C4, and S7C8) were
replanted in the areas next to formerly planted eastern cottonwood trees on June 25, 2020 (Table
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4.1). After planting, weeds were controlled by tilling between tree rows and spot weeding around
tree stems during the growing season.
The study site contained a control and two planted blocks – Block 1 located in the lower
part of the plantation and closer to the oxbow and Block 2 located in the upper part the plantation
and closer to the agricultural land (Figure 4.1). Each planted block had 75 individuals for each
SRWC species, and black willow was planted in the closest proximity to the oxbow, followed by
eastern cottonwood and American sycamore planted immediately up-slope of black willow
(Figure 4.1). The control contained unplanted blocks, which included Blocks 3 (next to Block 2)
and 4 (far west block of the Control) (Figure 4.1).
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Table 4.1
No.

List of planted eastern cottonwood, black willow, and American sycamore.
Species

Genotype/Family

No. of trees

Planting date

1

Eastern cottonwood

110312

15

6.20.2018

2

Eastern cottonwood

110412

50

6.20.2018

3

Eastern cottonwood

6-4

10

6.20.2018

4

Eastern cottonwood

25-2

15

6.20.2018

5

Eastern cottonwood

80-2

10

6.20.2018

6

Eastern cottonwood

ST75

50

6.20.2018

Eastern cottonwood total

150

1

Black willow

MNAT 4-1

50

6.20.2018

2

Black willow

MNAT 4-2

25

6.20.2018

3

Black willow

MVIC 5-2

50

6.20.2018

4

Black willow

MVIC 5-7

25

6.20.2018

Black willow total

150

1

American sycamore

Family A

50

11.5.2019

2

American sycamore

Family B

50

11.5.2019

3

American sycamore

Family C

50

11.5.2019

American sycamore total

150

1

Eastern cottonwood

110412

50

6.25.2020

2

Eastern cottonwood

S7C4

50

6.25.2020

3

Eastern cottonwood

S7C8

50

6.25.2020

Eastern cottonwood total

150
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Grand total

Figure 4.1

600

Planting layout and distribution of groundwater wells.

From June 2018 to December 2020, there were sixteen groundwater wells (blue square symbol),
and two more wells (blue pentagon symbol) were installed in December 2020. Groundwater
samples were collected from all groundwater wells.
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4.2.3

Installing groundwater wells
Groundwater wells were installed to collect shallow groundwater samples. The study area

was installed with 16 shallow groundwater wells in September 2018 and with additional two
wells on top of Block 1 and Block 2 in December 2020 (Figure 4.1). These two wells were added
to examine whether there would be significant differences between the nutrient concentrations in
groundwater samples of these two wells and the very top well in the ditch (Figure 4.1). This top
well might have a dilution effect due to being in the ditch with frequent flow of surface water
and a higher water table than the other wells. Depth to the water table was monitored from these
groundwater wells. Groundwater wells were constructed from polyvinyl chloride (PVC) pipes
with a diameter of 3.8 cm and a length of 2.5 m. Small holes (about 0.5 cm in diameter) were
drilled into the lower parts of the pipes (up to about 60 cm). Then, the portion of the pipe with
drilled holes was wrapped with very thin nylon to prevent intrusion of small sediments.
Groundwater wells were dug to about 2 m in depth from the soil surface using soil augers. The
holes were filled with sand for about 5 cm in depth, and then, the PVC pipes were inserted into
the holes and backfilled with soil. Finally, bentonite clay was added near the base of
groundwater wells at the soil surface, and the wells were capped.
4.2.4

Groundwater quality analysis
Groundwater samples were collected from 16 groundwater wells from November 2018 to

November 2020 and from 18 groundwater wells from December 2020 to November 2021 to
evaluate the nutrient mitigation potential of SRWCs planted along an elevational gradient of
marginal agricultural land and compare the nutrient concentrations in groundwater samples
collected from control block as well as planted blocks. Groundwater samples were collected 21
times throughout the study.
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To collect groundwater, the groundwater wells were manually evacuated via suction to
purge any stagnant water in the wells and allow surrounding fresh groundwater to replenish the
wells for collection. Then, about 250 mL of groundwater samples were collected, stored on ice
inside a cooler, and transported to the laboratory for analysis. The samples were refrigerated at
4°C until analysis, and the groundwater samples were then filtered to eliminate particulates
greater than 0.45 μm. Filtering was completed within 24-48 hours upon returning to the
laboratory, but some samples were not filtered, and these unfiltered samples would be used for
total phosphorus (TP) analysis. An AQ300 Discrete Analyzer (Seal Analytical, Inc., Mequon,
WI, USA) was used to quantify nutrient concentrations in the samples, including nitrate-nitrogen
(NO3-N), ammonia-nitrogen (NH3-N), TP, and orthophosphate-phosphorus (PO4-P). NO3-N
concentration in the water samples was determined using the cadmium reduction method, and
NH3-N was determined using the phenate method. PO4-P was determined with the help of
working color reagent and ascorbic acid. Filtered water samples were used for analyzing these
water quality parameters. Since phosphorus could attach to soil particles, unfiltered samples were
used to analyze TP. By using TP Alkaline-Persulfate method, unfiltered groundwater samples
were firstly digested with a MARSXpress digester (CEM Corporation, Matthews, NC, USA).
Digested samples were stored at 4°C until analysis. TP was determined using color reagent and
ascorbic acid.
To quantify dissolved organic carbon (DOC) concentrations in the samples, the QbD1200
Laboratory TOC Analyzer (Hach Company, Loveland, CO, USA) was used. For quality
assurance and quality control, all the chemical analyses were checked with blanks (i.e., deionized
waters), standards and duplicates among the groundwater samples.
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4.2.5

Nutrient removal rates
Nutrient removal rates of the SWRC plantation in planted blocks were calculated to

quantify how much nutrients were mitigated before discharge to the oxbow. The topsoil (0 to 7
inches) of the study site is silt loam, and underneath is clay loam (Soil Survey Staff 2020). Since
this study analyzed groundwater samples and focused on groundwater movement, clay loam was
considered for calculating the nutrient removal rates. According to USDA soil survey, the
hydraulic conductivity and porosity of clay loam is 0.06 m/day and 0.41. To calculate the
groundwater movement, the pore-water velocity equation was used:
𝑘 𝑑ℎ
𝑉=( ) ( )
𝑛
𝑑𝑙

where,
V = groundwater velocity between groundwater wells (m/day)
k = hydraulic conductivity (0.06 m/day for clay loam)
n = porosity (0.41 for clay loam)
dh = 2 m (nutrient removal rate was calculated in the upper 2 m of the rooting zone)
dl = distance between two groundwater wells (m)
The unit of the velocity of groundwater movement between groundwater wells was
converted from m/day to m/year. Then, the total annual nutrient removal rate for 1 ha
(kg/ha/year) was calculated.
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(4.1)

4.2.6

Ion exchange resin
In addition to groundwater samples, ion exchange resins were used to analyze nutrient

concentrations in the resins. Plant roots uptake ions, and similarly, resins can take up any ions
that pass through them. Thus, resins can mimic information about plant available nutrients in the
groundwater. Resins were installed only in planted blocks in July 2021 and collected at the end
of the growing season in November 2021. Three resins at Block 1 (in the bottom areas of
American sycamore, eastern cottonwood, and black willow) and three resins at Block 2 (within
the plots of eastern cottonwood, black willow, and at the bottom of block) were installed in the
study plantation. At Block 1, there was no post-flooding survival of American sycamore and
eastern cottonwood in 2021, and resins in these areas were considered as the control.
Furthermore, in Block 1, resin in the eastern cottonwood block could not be recovered, and so,
there were only two resins at Block 1.
A resin lysimeter was made by sandwiching the 10 g resin in cheesecloth between two
damp, compacted sand layers in a PVC tube (5 cm in height and 7.5 cm in width). Then, the
lysimeters were wrapped with the multi-layered cheesecloth and rubber bands. In planted blocks,
about 50 cm depth of soil was dug and resins were buried, and soils were backfilled into the hole
by maintaining the order of the original soil profile. Collected resins were brought to the lab and
refrigerated at 4°C until analysis. For analysis, resins were unwrapped out of the cheesecloth,
and inorganic nitrogen (i.e., NO3-N and NH3-N) was extracted from resins using a one molar
solution of potassium chloride (1.0 M KCl). Then, by following the protocols of NO3-N and
NH3-N analysis for groundwater samples (except replacing DI water with 1.0 M KCl for
preparing reagents), inorganic nitrogen concentrations in the resins were quantified. Finally,
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these values were standardized based on mass of resin to determine final nitrogen concentration
in the resin.
4.2.7

Survival and tree volume measurements
Survival was determined on November 26, 2018, September 30, 2020, and October 2021.

Ground line diameter and tree height were also measured. Ground line diameters were measured
from all individual stems in each tree, and tree height only from the tallest stem was measured.
From the diameter data, basal areas were calculated by using 𝜋𝑟 2. Then, volume of individual
stems was calculated by multiplying basal area and tree height, and then, the volumes of all
individual stems were summed to get tree volume. For year 2020 and 2021, the block-level tree
volume of each species was calculated by summing the tree volume of all individuals for its
corresponding species, and the total volume in each block was calculated by summing the
volumes of all trees of three species.
4.2.8

Statistical analyses
In R version 4.0.4. (“lme” function in the “nlme” package (Pinheiro et al. 2021)), a linear

mixed effects model was used to determine the significant differences in nutrient concentrations
in the groundwater samples collected from the groundwater wells (Figure 4.1). For these
statistical tests and comparisons, data were grouped based on seasons as summer and fall/winter
and tested separately for the control, Block 1, and Block 2 (Figure 4.1). Since there were only
two sample sets collected for winter on December 14, 2018 and December 11, 2020, winter data
were merged with fall data while grouping. In this analysis, June 1 to August 31 was considered
as summer, September 1 to November 30 as fall, and December 1 to February 28 as winter. In
the linear mixed effects model, water quality parameters (NO3-N, NH3-N, TP, and PO4-P) and
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DOC concentrations were considered as response variables. Fixed effects included locations of
groundwater wells, and random effects were dates of groundwater sample collections. Post-hoc
tests were also conducted to compare nutrient and DOC concentrations across locations of
groundwater wells using the general linear hypotheses test (“glht” function in the “multcomp”
package) with “Tukey” contrasts and “holm” adjusted test.
4.3
4.3.1

Results
Survival rate
According to measurements on November 26, 2018, establishment survival in Block 1

was 71% for eastern cottonwood (number of survival = 53 and number of planted individuals: n
= 75) and 97% for black willow (number of survival = 73 and n = 75) in Block 1, and
establishment survival in Block 2 was 73% for eastern cottonwood (number of survival = 55 and
n = 75) and 92% for black willow (number of survival = 69 and n = 75) (Figure 4.2).
According to measurements on September 30, 2020, Block 1 had 46% survival for
eastern cottonwood (number of survival = 59 and 2018 survival plus 2020 planted = 128), 64%
for black willow (number of survival = 47 and 2018 survival = 73), and 91% for American
sycamore (number of survival = 68 and number of planted individuals: n = 75), respectively
(Figure 4.3). Block 2 had 55% survival for eastern cottonwood (number of survival = 72 and
2018 survival plus 2020 planted = 130), 91% for black willow (number of survival = 63 and
2018 survival = 69), and 93% for American sycamore (number of survival = 70 and n = 75)
(Figure 4.3).
According to measurements in October 2021, in Block 1, black willow had 79% survival
(number of survival = 37 and 2020 survival = 47), and there was no survival of eastern
cottonwood and American sycamore (Figure 4.4). In Block 2, eastern cottonwood had 19%
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survival (number of survival = 14 and 2020 survival = 72); black willow had 68% survival
(number of survival = 43 and 2020 survival = 63); and American sycamore had 17% survival
(number of survival = 12 and 2020 survival = 70) (Figure 4.4).

Figure 4.2

2018 establishment survival locations and distribution of groundwater wells for
water sample collections and water level monitoring.
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Figure 4.3

2020 survival locations.

Two additional groundwater wells were installed on top of Block 1 and Block 2 in December
2020.
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Figure 4.4

2021 survival locations.

Water levels were monitored from five groundwater well locations from December 2020 to
November 2021.

149

4.3.2

Tree volume
In 2020, the total tree volume of black willow (152,177 cm3) was the highest in Block 1,

followed by eastern cottonwood (10,390 cm3) and American sycamore (3,176 cm3) (Figure 4.5
(a)). Analogously, Block 2 showed the same results with the highest tree volume of black willow
(349,643 cm3), followed by eastern cottonwood (16,389 cm3) and American sycamore (1,415
cm3) (Figure 4.5 (a)). When tree volumes of American sycamore, eastern cottonwood, and black
willow were combined, Block 2 (367,447 cm3) had about two times higher total tree volume than
Block 1 (165,742 cm3) in 2020 (Figure 4.5 (a)).
In 2021, black willow had a plot-level tree volume of 51,938 cm3, and there was no
survival of eastern cottonwood and American sycamore in Block 1 (Figure 4.5 (b)). In Block 2,
black willow (267,604 cm3) still had the highest tree volume, followed by eastern cottonwood
(309 cm3) and American sycamore (190 cm3) (Figure 4.5 (b)). Total tree volume in Block 2
(268,103 cm3) was about five times higher than that of Block 1 (51,938 cm3) (Figure 4.5 (b)).
Total tree volume in 2020 (calculated by the sum of total tree volume of Block 1 and
Block 2) (533,189 cm3) was about 1.6 times higher than that of 2021 (320,041 cm3) (Figure 4.5
(a) and (b)).
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Figure 4.5

Tree volume in (a) 2020 and (b) 2021.
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4.3.3
4.3.3.1

Seasonal nutrient concentrations and nutrient removal rates
NO3-N
As shown in Figure 4.6 (a), time series data of Block 1 showed that the NO3-N

concentrations were very high in the groundwater well in the unplanted location during the initial
five collected samples (samples collected in November 9 and December 14 in 2018 and in
October 1, October 20, and November 10 in 2019). However, after planting American sycamore
on November 5, 2019, the NO3-N concentrations in the following years were significantly
decreased in this American sycamore (formerly unplanted) groundwater well. In Block 1, the
NO3-N concentrations in the bottom well were significantly higher than the other locations on
August 24 and September 2 in 2020. Similar to Block 1, the NO3-N concentrations in Block 2
(Figure 4.6 (b)) were very high during the initial sampling period in the unplanted area on
November 9 and December 14 in 2018 as well as on November 10 in 2019. In the control block
(Figure 4.6 (c)), a very high NO3-N concentration was observed in the bottom well on October
20, 2019, followed by the black willow well (on October 20, 2019, September 19, 2020, and
October 1, 2021) and the eastern cottonwood well (on November 1, 2021). Concentrations in the
top well (i.e., Top) were not high compared to other groundwater well locations, except during
the establishment year in 2018.
During fall and winter in Block 1, when seasonal data were analyzed, there was no
significant mitigation of NO3-N (Figure 4.7 (a)). However, during fall and winter in Block 2,
when the NO3-N concentrations between the groundwater samples of unplanted/American
sycamore (1.64 mg/L) and black willow (0.36 mg/L) wells were compared, it was found that
78% of NO3-N was mitigated (P-value = 0.007) (Figure 4.7 (b)), and the NO3-N removal rates in
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Block 2 were 28.25 kg/ha/year in 2019, 11.42 kg/ha/year in 2020, and 2.95 kg/ha/year in 2021,
respectively.
During summer in block 1, there was no significant difference across NO3-N
concentrations in groundwater samples of different locations (Figure 4.7 (c)). However, during
summer in Block 2, when comparison was made between unplanted/American sycamore (1.20
mg/L) and black willow (0.25 mg/L) well samples, 79% of NO3-N was mitigated (P-value <
0.001) (Figure 4.7 (d)), and the NO3-N removal rates were 21.88 kg/ha/year in 2020 and 0.74
kg/ha/year in 2021, respectively. In both summer and fall/winter seasons, there was no statistical
difference in NO3-N concentrations across all groundwater wells in control blocks (Figure 4.7 (e)
and (f)).
The B1 bottom well is located in the most adjacent position to the oxbow (Figure 4.1),
and so, it might have nutrient transport coming from agricultural fields as well as from the
surface water of the oxbow. So, when the B1 bottom well data were excluded during analysis, it
was found that NO3-N was mitigated by 83% (P-value < 0.001) when comparing between the B1
top (Ditch) well (0.42 mg/L) and the black willow well (0.07 mg/L) during summer in Block 1
(Figure 4.8 (b)), and the NO3-N removal rates in Block 1 were 2.94 kg/ha/year in 2020 and 2.18
kg/ha/year in 2021, respectively. However, during fall and winter, although the B1 bottom well
data were excluded, no significant mitigation was observed among the samples collected from all
groundwater wells in Block 1 (Figure 4.8 (a)).
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Figure 4.6

Nitrate-nitrogen (NO3-N) concentrations in planted blocks – (a) Block 1, (b) Block
2, and (c) the control block for each collection date.

In Block 1 and Block 2, American sycamore was planted on November 5, 2019, and before that,
it was an unplanted area. In the control block, B3 in the parentheses of Mid 1, Mid 2, and Mid 3
represents the block next to planted Block 2, and B4 in their parentheses represents the far west
block of the control block (Figure 4.1).
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Figure 4.7

Nitrate-nitrogen (NO3-N) concentrations in the groundwater samples.

Samples collected during fall and winter were (a) Block 1, (b) Block 2, and (e) Control, and
those collected during summer were (c) Block 1, (d) Block 2, and (f) Control. Top (Ditch) is the
groundwater well located in the ditch on top of Block 2, PO is American sycamore, PD is eastern
cottonwood, and SN is black willow. In the parentheses, FW represents fall and winter data, and
S represents summer data.
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Figure 4.8

Nitrate-nitrogen (NO3-N) concentrations in the groundwater samples without B1
Bottom.

Samples collected in Block 1 without the B1 bottom well (i.e., groundwater well located the
most proximate to the oxbow) during fall and winter (Figure (a)) and summer (Figure (b)). Top
(Ditch) is the groundwater well located in the ditch on top of Block 2, PO is American sycamore,
PD is eastern cottonwood, and SN is black willow. In the parentheses, FW represents fall and
winter data, and S represents summer data.

4.3.3.2

NH3-N
As shown in Figure 4.9, the control block had significantly higher NH3-N concentrations

than planted blocks. In the control block, the first two samples collected during the establishment
year on November 9 and December 14, 2018 had lower NH3-N concentrations than the other
dates of collections. In Block 2, the groundwater sample from the eastern cottonwood well had
exceptionally high NH3-N concentrations compared to all other samples.
During fall/winter and summer in both Block 1 and Block 2, there was no significant
difference in concentrations of NH3-N across wells (Figure 4.10. (a), (b), (c), and (d)). For Block
1, the results were the same for the data either including or excluding data from the B1 bottom
well (Figure 4.11. (a) and (b)). In the control block, there were differences in NH3-N
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concentrations across different locations during fall/winter and summer, and these differences
were mainly caused by lower concentrations in the mid 3 well; however, no significant NH3-N
mitigation was observed when comparisons were made between the upper three groundwater
wells (Top, Mid 1, and Mid 2) and the lowest groundwater well (Bottom) (Figure 4.10).
Compared to the control block’s top groundwater well (3.92 mg/L during fall/winter and 4.43
mg/L during summer), the mean NH3-N concentrations at the top groundwater well of planted
blocks (i.e., Top (Ditch)) were about 4 times (0.95 mg/L) lower during fall and winter and 7
times (0.17 mg/L) lower during summer (Figure 4.10).
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Figure 4.9

Ammonia-nitrogen (NH3-N) concentrations in planted blocks – (a) Block 1, (b)
Block 2, and (c) the control block for each collection date.

In Block 1 and Block 2, American sycamore was planted on November 5, 2019, and before that,
it was an unplanted area. In the control block, B3 in the parentheses of Mid 1, Mid 2, and Mid 3
represents the block next to planted Block 2, and B4 in their parentheses represents the far west
block of the control block (Figure 4.1).
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Figure 4.10

Ammonia-nitrogen (NH3-N) concentrations in the groundwater samples.

Samples collected during fall and winter were (a) Block 1, (b) Block 2, and (e) Control, and
those collected during summer were (c) Block 1, (d) Block 2, and (f) Control. Top (Ditch) is the
groundwater well located in the ditch on top of Block 2, PO is American sycamore, PD is eastern
cottonwood, and SN is black willow. In the parentheses, FW represents fall and winter data, and
S represents summer data.
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Figure 4.11

Ammonia-nitrogen (NH3-N) concentrations in the groundwater samples without
B1 Bottom.

Samples collected in Block 1 without the B1 bottom well (i.e., groundwater well located the
most proximate to the oxbow) during fall and winter (a) and summer (b). Top (Ditch) is the
groundwater well located in the ditch on top of Block 2, PO is American sycamore, PD is eastern
cottonwood, and SN is black willow. In the parentheses, FW represents fall and winter data, and
S represents summer data.

4.3.3.3

TP
Generally, in all collection dates, the TP concentrations in the groundwater wells in the

control block and two planted blocks were comparable (Figure 4.12). During fall and winter in
both Block 1 and Block 2, there was no significant difference in TP concentrations across the
groundwater well locations (Figure 4.13. (a) and (b)). During summer in Block 1, lower
groundwater well locations (such as the black willow and the bottom wells) were not
significantly different from the top wells (such as Top (Ditch) and unplanted/American
sycamore) (Figure 4.13. (c)). For Block 1, the results were the same for the data with or without
data from the B1 bottom well during fall/winter and summer (Figure 4.13. (c) and Figure 4.14.
(a) and (b)).
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During summer in Block 2, there was no significant mitigation of TP, and the top well
had higher TP than the black willow well (Figure 4.13. (d)). However, there was only one sample
set (n =1) collected for the top well in Block 2 because the top wells for both Block 1 and Block
2 were installed in December 2020 (Figure 4.1). Due to having only one single measurement at
the top well, its results were not statistically comparable with other wells that had sufficient
sample size, and thus, the results were interpreted as no significant difference observed when
comparing between the top wells and black willow well (Figure 4.13. (d)).
During fall/winter in the control block, the bottom well (1.811 mg P/L) had significantly
lower TP concentrations than the top well (3.333 mg P/L) (P-value = 0.011) (Figure 4.13. (e)).
During summer in the control block, significantly lower TP concentrations were also observed at
the bottom well (1.627 mg P/L in summer) compared the top well (4.116 mg P/L in summer) (Pvalue < 0.001) (Figure 4.13. (f)).
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Figure 4.12

Total phosphorus (TP) concentrations in planted blocks – (a) Block 1, (b) Block 2,
and (c) the control block for each collection date.

In Block 1 and Block 2, American sycamore was planted on November 5, 2019, and before that,
it was an unplanted area. In the control block, B3 in the parentheses of Mid 1, Mid 2, and Mid 3
represents the block next to planted Block 2, and B4 in their parentheses represents the far west
block of the control block (Figure 4.1).
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Figure 4.13

Total phosphorus (TP) concentrations in the groundwater samples.

Samples collected during fall and winter were (a) Block 1, (b) Block 2, and (e) Control, and
those collected during summer were (c) Block 1, (d) Block 2, and (f) Control. Top (Ditch) is the
groundwater well located in the ditch on top of Block 2, PO is American sycamore, PD is eastern
cottonwood, and SN is black willow. In the parentheses, FW represents fall and winter data, and
S represents summer data.
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Figure 4.14

Total phosphorus (TP) concentrations in the groundwater samples without B1
Bottom.

Samples collected in Block 1 without the B1 bottom well (i.e., groundwater well located the
most proximate to the oxbow) during fall and winter (Figure (a)) and summer (Figure (b)). Top
(Ditch) is the groundwater well located in the ditch on top of Block 2, PO is American sycamore,
PD is eastern cottonwood, and SN is black willow. In the parentheses, FW represents fall and
winter data, and S represents summer data.

4.3.3.4

PO4-P
As shown in Figure 4.15, wells in the control block generally had lower PO4-P

concentrations than wells in planted blocks. In Block 2, black willow, top (ditch), and top well
groundwater samples had significantly higher concentrations than the other locations. In Block 1,
overall, samples collected from the top (ditch), top, and American sycamore groundwater wells
had higher PO4-P concentrations than the other locations.
During fall and winter in Block 1, the PO4-P concentration was mitigated by 42% when a
comparison was made between the top (0.091 mg P/L) and the bottom (0.053 mg/L) wells and
70% when comparison was made between the top (0.091 mg P/L) and black willow (0.027 mg
P/L) wells (Figure 4.16. (a)). Based on these data during fall and winter, the PO4-P removal rate
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between the top and the bottom wells in Block 1 was 0.35 kg/ha/year in 2021, and the removal
rate between the top and black willow wells in Block 1 was 0.41 kg/ha/year in 2021. During fall
and winter, there was no significant difference between the top and black willow wells in Block
2, but the PO4-P concentrations in the top (ditch), unplanted/American sycamore, and eastern
cottonwood wells were lower than those in the black willow well (Figure 4.16. (b)).
During summer in Block 1, there was no significant difference between the bottom well
and the other locations (including top (ditch), top, unplanted/American sycamore, eastern
cottonwood, and black willow wells) (Figure 4.16. (c)). However, when the bottom well data
were excluded in Block 1, the PO4-P concentrations at the top (ditch) (0.103 mg/L) and
unplanted/American sycamore (0.1 mg/L) wells were mitigated by 73% and 72% when
compared to the black willow well (0.028 mg/L) during summer (Figure 4.17. (a)), and the PO4P removal rate between the top (ditch) and black willow wells was 0.72 kg/ha/year in 2020.
During summer, there was no difference in PO4-P concentrations among the groundwater
samples in Block 2 (Figure 4.16. (d)). In the control block, there was also no significant increase
or decrease across different locations in both fall/winter and summer (Figure 4.16. (e) and (f)).
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Figure 4.15

Orthophosphate-phosphorus (PO4-P) concentrations in planted blocks – (a) Block
1, (b) Block 2, and (c) the control block for each collection date.

In Block 1 and Block 2, American sycamore was planted on November 5, 2019, and before that,
it was an unplanted area. In the control block, B3 in the parentheses of Mid 1, Mid 2, and Mid 3
represents the block next to planted Block 2, and B4 in their parentheses represents the far west
block of the control block (Figure 4.1).
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Figure 4.16

Orthophosphate-phosphorus (PO4-P) concentrations in the groundwater samples.

Samples collected during fall and winter were (a) Block 1, (b) Block 2, and (e) Control, and
those collected during summer were (c) Block 1, (d) Block 2, and (f) Control. Top (Ditch) is the
groundwater well located in the ditch on top of Block 2, PO is American sycamore, PD is eastern
cottonwood, and SN is black willow. In the parentheses, FW represents fall and winter data, and
S represents summer data.
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Figure 4.17

Orthophosphate-phosphorus (PO4-P) concentrations in the groundwater samples.

Samples collected in Block 1 without the B1 bottom well (i.e., groundwater well located the
most proximate to the oxbow) during fall and winter (Figure (a)) and summer (Figure (b)). Top
(Ditch) is the groundwater well located in the ditch on top of Block 2, PO is American sycamore,
PD is eastern cottonwood, and SN is black willow. In the parentheses, FW represents fall and
winter data, and S represents summer data.

4.3.3.5

DOC
As shown in Figure 4.18, the control block wells had significantly higher DOC

concentrations than planted block wells. The DOC concentrations in Block 1 and Block 2 wells
were comparable, but the bottom well generally had higher concentrations than the other
locations in Block 1. Similarly, the samples from the black willow well in Block 2 generally had
higher concentrations than the other locations.
During fall and winter in Block 1, unplanted/American sycamore, eastern cottonwood,
and black willow wells had lower DOC concentrations than the top (ditch) and the bottom wells;
however, there was no significant difference between the two top groundwater wells (top (ditch)
and top) and the bottom well (Figure 4.19. (a)). When the bottom well data were removed, there
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was no difference across different locations in Block 1 during fall and winter (Figure 4.20. (a)).
During fall and winter in Block 2, except the unplanted/American sycamore well that had lower
DOC concentration than the black willow well, the other four locations (such as top (ditch), top,
eastern cottonwood, and black willow) had no difference in DOC concentration (Figure 4.19.
(c)).
During summer in Block 1, the bottom well (9.40 mg/L) had significantly higher DOC
concentrations than the top (ditch) (3.67 mg/L), unplanted/American sycamore (3.37 mg/L), and
black willow wells (3.71 mg/L) (Figure 4.19. (c)). On average, the bottom well had about 2.6
times higher DOC concentrations than the top (ditch) well in Block 1, but there was no
difference between the eastern cottonwood well and the bottom well during summer (Figure
4.19. (c)). When the bottom well data were removed, there was no difference across different
locations in Block 1 during summer (Figure 4.20. (b)). Also in Block 2, there was no difference
in DOC concentrations across different locations during summer (Figure 4.19. (d)).
In the control block, the bottom well had higher DOC concentration than the mid 1, mid
2, and mid 3 wells (Figure 4.19. (e)); however, there was no significant difference between the
top and bottom wells during both fall/winter and summer (Figure 4.19. (e) and (f)). During fall
and winter, the bottom well in the control block (21.9 mg/L) was about 3.5 times higher than the
bottom well in Block 1 (6.2 mg/L) and about 4.2 times higher than the black willow well in
Block 2 (5.2 mg/L) (Figure 4.19. (a), (b), and (e)). During summer in Block 2, the bottom well in
the control block (24.7 mg/L) was about 2.6 times higher than the bottom well in Block 1 (9.4
mg/L) and about 4.6 times higher than the bottom well in Block 2 (5.4 mg/L) (Figure 4.19. (b),
(d), and (f)).

169

Figure 4.18

Dissolved organic carbon (DOC) concentrations in planted blocks – (a) Block 1,
(b) Block 2, and (c) the control block for each collection date.

In Block 1 and Block 2, American sycamore was planted on November 5, 2019, and before that,
it was an unplanted area. In the control block, B3 in the parentheses of Mid 1, Mid 2, and Mid 3
represents the block next to planted Block 2, and B4 in their parentheses represents the far west
block of the control block (Figure 4.1).
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Figure 4.19

Dissolved organic carbon (DOC) concentrations in the groundwater samples.

Samples collected during fall and winter were (a) Block 1, (b) Block 2, and (e) Control, and
those collected during summer were (c) Block 1, (d) Block 2, and (f) Control. Top (Ditch) is the
groundwater well located in the ditch on top of Block 2, PO is American sycamore, PD is eastern
cottonwood, and SN is black willow. In the parentheses, FW represents fall and winter data, and
S represents summer data.
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Figure 4.20

Dissolved organic carbon (DOC) concentrations in the groundwater samples
without B1 Bottom.

Samples collected in Block 1 without the B1 bottom well (i.e., groundwater well located the
most proximate to the oxbow) during fall and winter (Figure (a)) and summer (Figure (b)). Top
(Ditch) is the groundwater well located in the ditch on top of Block 2, PO is American sycamore,
PD is eastern cottonwood, and SN is black willow. In the parentheses, FW represents fall and
winter data, and S represents summer data.

4.3.4

Ion exchange resin
As shown in Figure 4.21, during the growing season in 2021, NO3-N was decreased by

27% when comparing between American sycamore (0.057 mg NO3-N/g resin) and black willow
plots (0.041 mg NO3-N/g resin) in Block 1. In Block 2, the NO3-N concentration in resin of the
black willow plot (0.063 mg NO3-N/g resin) was the highest; however, when comparison was
made between the eastern cottonwood plot (0.025 mg NO3-N/g resin) and the bottom location
(0.011 mg NO3-N/g resin), NO3-N was decreased by 58%.
In Block 1, there was 110% increase of NH3-N concentration in the resin when
comparison was made between the American sycamore plot (0.417 mg NH3-N/g resin) and the
black willow plot (0.877 mg NH3-N/g resin). However, there was a decreasing trend in Block 2.
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In Block 2, 43% of NH3-N was decreased when a comparison was made between the eastern
cottonwood plot (0.258 mg NH3-N/g resin) and the bottom location (0.148 mg NH3-N/g resin).
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Figure 4.21

Nitrate-nitrogen (NO3-N) and ammonia-nitrogen (NH3-N) concentrations in resins
during the 2021 growing season.
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4.4

Discussion
Vegetated floodplain and riparian ecosystems can provide shade, reinforce river banks,

take up excess nutrients, add organic matter, and trap particulate matter during flooding (Gregory
et al. 1989). Studies have shown that these vegetated transitional zones can potentially slow
down sediment discharge and serve as sinks for sediment, nutrients and organic matter (Craft and
Casey 2000; Kronvang 2003). Planting trees in riparian areas can improve quality of receiving
waters by retaining excess nutrients and then minimizing agricultural runoff. Therefore, riparian
floodplains that are considered marginal for agriculture in the LMAV region are critical
ecosystems for reducing nutrient delivery to the Gulf of Mexico (Hurst et al. 2016; Lindau et al.
2008). In this study, it was found that a SRWC plantation could mitigate NO3-N and PO4-P in
planted blocks along a transect to the oxbow of the Yazoo River; however, such mitigation was
not observed in control plots where there were no planted trees. This suggested that a decrease in
the NO3-N and PO4-P concentrations in the groundwater samples was due to uptake by SRWCs
and not due to downslope movement of groundwater. There was no significant difference in
NH3-N along transects.
For TP, there was no compelling evidence indicating mitigation in planted blocks;
however, there was a decreasing trend of TP concentrations in the control block (Figure 4.13. (e)
and (f)). The decrease in TP in the control block could be due to adsorption by soil. Soils can
bind phosphorus, but on the condition that its adsorption capacity is exceeded, phosphorus runoff
takes place when there is groundwater movement. In this study, there was no significant decrease
or increase in TP concentrations in the groundwater samples of planted blocks. Other studies
reported comparable results. Rosa et al. (2017) found that TP concentrations in shallow
groundwater were 35% higher even though groundwater passed through the riparian buffers with
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SRWC of willow (Salix) species cultivars. Under the same riparian buffering, they found that TP
concentrations in overland flow of surface water were mitigated by 53%. As discussed earlier,
adsorption of phosphorus by soil particles can be more significant in groundwater if compared to
surface water. Even though there was no mitigation effect of TP observed in planted blocks,
control blocks had a decrease in TP concentration when compared between the top and the
bottom wells in both fall/winter and summer (Figure 4.13. (e) and (f)). Despite the fact that
riparian buffers are considered effective in retaining TP in surface water, former studies have
shown that their TP mitigation potential in groundwater is less certain (Clausen et al. 2000;
Hoffmann et al. 2009; Osborne and Kovacic 1993; Peterjohn and Correll 1984). In this study,
although no mitigation of TP was observed, it was found that PO4-P was mitigated by a planted
block (Figure 4.16 and Figure 4.17), and the PO4-P composition in the TP was very small. TP
contains both organic phosphorus and inorganic phosphorus, and an inorganic form of
phosphorus, like PO4-P, is more available to plants. This could be the reason why significant
mitigation of PO4-P was observed along the tree transect in the planted block, whereas there was
no significant effect in the control block (Figure 4.16 and Figure 4.17).
Regarding DOC, the control block had a significant amount of DOC runoff to the oxbow,
but there was no significant loss in planted blocks, except Block 1 during summer (Figure 4.19).
When the B1 bottom well was excluded, there was no difference in DOC concentrations along
the tree transect in planted blocks (Figure 4.20). DOC concentrations in the control block were
higher than both Block 1 and Block 2 (Figure 4.18). DOC potentially came from agricultural
residues left in the adjacent crop fields after each harvest. Maintaining DOC in planted blocks is
a good result, and this suggests that the SRWC plantation not only sequesters carbon but also
retains carbon in a riparian ecosystem.
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Differences in tree cover and tree volume might affect the nutrient mitigation potential of
a SRWCs plantation on a riparian floodplain. In this study, Block 2 had not only better survival
but also higher tree volume than Block 1 (Figure 4.2, Figure 4.3., Figure 4.4, and Figure 4.5). In
2020, total tree volume in Block 2 was about two times higher than that of Block 1, and in 2021,
Block 2 was about five times higher than Block 1. Probably due to this reason, Block 2 could
mitigate nutrients more effectively than Block 1, particularly NO3-N during fall and winter
(Figure 4.7 and Figure 4.8), and the significance of other nutrient parameters were similar
between Block 1 and Block 2. Therefore, in addition to vegetation cover, other factors could also
affect the nutrient removal rate of a SRWC plantation, such as surface hydrology (e.g., flooding
or non-flooding period), subsurface hydrology (e.g., saturation of soil, groundwater flow
directions, and groundwater movement), and biogeochemistry (e.g., organic carbon supply,
nitrate inputs) (Mayer et al. 2007; Noij et al. 2012). These considerations were reasonable
because this study observed that the nutrient concentrations (e.g., NO3-N shown in Figure 4.6
and PO4-P shown in Figure 4.15) at the B1 bottom well (i.e., the groundwater well located in the
closest position to the oxbow) (Figure 4.1) were occasionally higher than the other groundwater
wells along the tree transect. These suggested that the groundwater well closer to the oxbow
potentially had two sources of groundwater – subsurface water coming from the oxbow and
groundwater from upslope agricultural runoff. Under normal conditions, groundwater moves
from the direction of agricultural land to the oxbow. When the river stage was high, the pressure
head was higher at the river than upslope, and this condition potentially pushed groundwater in a
different direction than typical. These changes in hydraulic gradient likely reoriented the
subsurface water movement direction from the oxbow to the nearest land area. The pressure head
gradient needs to be analyzed to support this hypothesis. In addition to groundwater samples, it
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would be a good practice to collect surface water samples from the outlet of the river and analyze
nutrient concentrations in the samples to examine whether subsurface water coming from the
river could affect the nutrient concentrations of the nearest groundwater samples, especially
when the river is in a flooded stage, and the river has higher pressure head than the riparian
floodplain.
4.5

Conclusion
This study established a SRWC plantation at the intersection of marginal agricultural land

and an oxbow of the Yazoo River in the LMAV region. The nutrient mitigation potential of the
plantation was evaluated. Results showed that the plantation could mitigate NO3-N (78 to 83%)
and PO4-P (70 to 73%). Planted blocks showed considerable capacity to retain DOC, while the
control block significantly discharged DOC into the oxbow. Therefore, extensive deployment of
SRWCs on the marginal floodplains of the LMAV can potentially provide a viable solution for
mitigating agricultural nutrient runoff and improving water quality.
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CHAPTER V
SUMMARY AND OVERALL CONCLUSIONS
One of the main objectives of this study was to evaluate the nutrient mitigation potential
of three short rotation woody crops (SRWCs) – eastern cottonwood, black willow, and American
sycamore planted on a riparian floodplain of the Lower Mississippi Alluvial Valley (LMAV).
This study also assessed whether managing the marginal agricultural land for biomass production
was practically feasible and could improve ecosystem services rather than abandoning these
areas. To answer these questions, two SRWC plantations were established in Sidon and Satartia,
MS in the Mississippi Delta of the LMAV. In Sidon, the survival, growth rate (including tree
height, ground line diameter, and tree volume), physiological parameters, and nutrient removal
rates were measured and compared across species, months, and blocks. In Satartia, only the
physiological parameters across species were measured and compared.
The marginal lands of the LMAV have hydric and fine-textured soils with frequent
flooding, poor drainage, and seasonally high water tables (Dosskey et al. 2012; Lowrance et al.
1984). These areas are onerous for farming and less favorable for profitable agriculture due to
backwater flooding during spring and summer. Despite these site characteristics, these marginal
lands can be strategic locations for mitigating nutrient runoff from agricultural fields, and this is
particularly more relevant in an agricultural watershed like the LMAV due to being a nitrogen
(N) hotspot region in the U.S. (Alexander et al. 2000). Even though it is already known that the
marginal floodplains of the LMAV are seasonally and frequently flooded, the flood intensity and
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duration were higher than normal during the initial years of this study. In 2019, the Mississippi
River watershed had extended flooding during spring and summer, and this flooding was even
comparable with the historic 1927 Great Mississippi Flood (Gledhill et al. 2020; Pal et al. 2020;
Reed et al. 2020; Smith and Reed 1990). Not only in 2019 but also in 2020, the SRWCs
plantation of this study had a similar severity of flooding (Figure 2.5). In 2021, even though
flood depth and flood duration were less than the former years in 2019 and 2020, there was an
unusually high flood during the growing season in June (Figure 2.5), and this high flood could be
associated with continuous heavy rains for about two weeks in the region in June 2021. Seasonal
flooding in the study area was anticipated, and this was part of the site requirements for this
study. However, summer flooding as observed in June 2021 was not expected. In addition, flood
intensity and duration during the study period were exceptionally extreme, along with the
additional impacts of beavers. Trees could have survived after the flooding if they had not been
felled to the ground by beavers every year. The combination of these factors likely affected the
survival of selected riparian SRWCs even though these species have considerable flood
tolerance.
In the beginning of this study, extreme flooding was not expected. On the other hand, this
study could opportunistically leverage this disturbance to compare the flood tolerance of eastern
cottonwood and black willow. There is a general knowledge that Salix species are more flood
tolerant than Populus species; however, it has not yet been reported about their maximum
allowable flood tolerance capacity. One of the overarching contributions of this study was
providing quantitative information about the flood tolerance thresholds of eastern cottonwood
and black willow from their respective survival/mortality prediction models, and beyond these
thresholds, mortality was more likely to happen than survival. The results of this study further
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confirmed that black willow had higher survival rate and flood tolerance thresholds than eastern
cottonwood. Results indicated that survival of black willow was significantly affected by high
flood depths only, whereas eastern cottonwood was vulnerable to not only flood depths but also
flood duration and cumulative flooding temperature. Other critical factors that possibly affected
the survival/mortality of these species were stagnant or flowing water and physiological
responses to flooding, especially during the growing season flooding, etc. Furthermore, beaver
coppicing as well as the combined effects of beaver damage and excessive flooding might affect
the accuracy of mortality prediction models.
In a riparian floodplain, species with higher flood tolerance likely have better survival
and biomass productivity. On the other hand, the most productive species may not be the most
efficient in resource use, such as efficiency in water use and nutrient use. To understand these
relationships, it is required to compare physiological parameters across species and months as
well as to identify the significant correlations among physiological parameters within each
species because there can be tradeoffs between resource use and efficiency. For example, this
study found that black willow had a higher net photosynthetic assimilation rate but was less
water use efficient than the other two species. On the other hand, black willow was more
efficient in photosynthetic nitrogen use efficiency (PNUE), and in general, there was a negative
relationship between PNUE and water use efficiency (WUE) in all three species.
Since biomass productivity is a crucial consideration in a SRWC system, knowledge
about which physiological parameters mainly affect the growth performance of selected SRWCs
is required. Critical parameters for resource use and efficiency, such as net photosynthetic
assimilation rate and transpiration rate depend on gas exchange rates, and these rates are mainly
controlled by stomatal conductance. Since stomatal conductance can be affected by
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environmental parameters, it is worthy to examine whether there is a relationship between
stomatal conductance and leaf temperature as well as between stomatal conductance and leaf
vapor pressure deficit. Therefore, Chapter 3 compared these physiological parameters across
three SRWCs and determined their relationships within each species. Results clearly indicated
that black willow had the best growth performance. To increase growth rate, black willow had a
very high gas exchange rate for both net photosynthetic assimilation and transpiration, and this
increase in stomatal conductance led to high water use in black willow. Another interesting
finding of this study was that stomatal conductance in black willow was not affected or limited
by leaf temperature, while eastern cottonwood and American sycamore showed signficant
negative relationships between stomatal conductance and leaf temperature (Figure 3.8). Some
former studies reported that black willow had a demanding water budget (Grelle et al. 1997;
Lindroth and Båth 1999), and this study had the same result. In spite of being the least efficient
in water use, black willow had higher efficiency in photosynthetic nitrogen use than eastern
cottonwood and American sycamore. Statistically, the growth of black willow had positive
relationships with nutrient-related parameters, such as nitrogen per unit leaf area (R2 = 0.41 and
P-value = 0.004) and photosynthetic nitrogen use efficiency (R2 = 0.27 and P-value = 0.03)
(Table 3.10). Contrary to black willow, American sycamore was very efficient in water use, and
the growth rate of American sycamore was positively correlated with stomatal conductance (R2 =
0.68 and P-value = 0.04) and transpiration rate (R2 = 0.70 and P-value = 0.04) (Table 3.10). In
eastern cottonwood, no signficant relationships between tree volume and physiological
parameters were observed. These results suggested that biomass productivity in American
sycamore was driven by water availability parameters; black willow was driven by nitrogen
availability; and eastern cottonwood was not affected by either of these factors. Seasonally,
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differences in physiological parameters among the three species were mainly observed in July
and August, and in September, physiological parameters were not greatly different among the
three species. In the Mississippi Delta of the LMAV, September was generally a drier month,
and this could potentially create water stress conditions and slow down the physiological
activities of selected SRWCs.
Chapter 4 was a study about evaluating the nutrient mitigation potential of a SRWC
plantation. The effects of riparian buffers did not always mitigate nutrient runoff in an effective
manner, and the results could be variable depending on site-specific factors, such as vegetation
types, buffer width, soil types, subsurface hydrology (e.g., saturation of soil, groundwater
movement and flow directions), and biochemistry (e.g., organic carbon supply, nutrient inputs)
(Asmussen et al. 1979; Cooper 1990; Mayer et al. 2007; Noij et al. 2012). In this study, two
planted blocks and one control block were used to assess the nutrient removal capacity of a
SRWC plantation. Even though the survial and growth of trees were affected by excessive
flooding events, results showed that the SRWC plantation could mitigate 78 to 83% of nitratenitrogen (NO3-N) and 70 to 73% of orthophosphate-phosphorus (PO4-P). No significant decrease
or increase was observed for ammonia-nitrogen (NH3-N) and total phosphorus (TP) in planted
blocks. In the control block, there was a signficant amount of dissolved organic carbon (DOC)
leaching into the oxbow, whereas there was no significant loss in planted blocks, except Block 1
during summer (Figure 4.19). These results suggested that planted blocks likely retained more
DOC in the system. For further research, it is recommended to collect surface water samples of
the oxbow from the outlet of the study plantation. This suggestion was made because it was
found that the NO3-N (Figure 4.6) and PO4-P (Figure 4.15) concentrations in the B1 bottom well
(i.e., the groundwater well installed at the closest position to the oxbow) were occasionally
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higher than the other samples along the tree transect. These could be due to the fact that the B1
bottom well might receive groundwater from two potential sources – groundwater from upslope
of agricultural runoff and subsurface water coming from the oxbow when pressure head at the
river was higher than the SRWC plantation.
The results of this study clearly showed that black willow had the greatest potential for
producing biomass in the seasonally flooded marginal lands of the LMAV. Due to its high
nutrient requirements, black willow could potentially remove nutrients coming from agricultural
runoff effectively, and thereby improve water quality. This study evaluated the nutrient
mitigation potential of a SRWC plantation, but there can be additional tangible and intangible
benefits for the riparian ecosystem, such as carbon sequestration, quantifying changes in soil
carbon, and wildlife habitat. On the other hand, there are challenges for farmers and landowers,
such as protection from animal damage and unpredictable hydrology. In the LMAV region,
hydrologic infrastructure (e.g., contruction of dams and levees) and modification (e.g., flood
control structures, rechanneling the river, etc.) as well as extreme climatic events can increase
the risks of flooding. Despite these uncertainties, species with higher flood tolerance threholds
like black willow show the potential for achieving higher survival and rapid growth for
producing biomass feedstock and mitigating nutrient runoff in seasonally flooded marginal land
of the LMAV.
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